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Abstract
Induction and anteroposterior patterning of the Xenopus nervous system
occurs during gastrulation. By the end of gastrulation the entire antero-posterior
axis has been specified. It has been proposed that there are two steps to
neurectodermal patterning: an initial "activating" signal induces anterior fates
(forebrain and cement gland). Subsequently a "transforming" signal from the
posterior mesoderm converts some of this tissue to more posterior fates,
including hindbrain and spinal cord. This model predicts that the initial anterior
specification is required for the posterior transformation. Retinoic acid is a
potential candidate for the posteriorizing factor.
This thesis addresses the role of retinoids in the formation of the posterior
neurectoderm. Retinoic acid is able to repress both expression of anterior
patterning genes, and the formation of anterior neurectodermal structures. At
the same time, retinoic acid causes expansion of the posterior hindbrain. To
better understand the role of retinoids in neurectodermal patterning, I have
examined the expression and regulation of two retinoid-inducible genes, HoxAl
and HoxD1. HoxD1 expression during gastrulation defines a novel posterior
ectodermal domain. Eventually HoxD1 expression defines the posterior
neurectoderm, with anterior limit of expression at the hindbrain rhombomere
4/5 boundary. Expression of HoxD1 is dependent both on retinoid signaling and
proper mesoderm formation. Consistently, induction of HoxD1 in ectoderm by
dorsolateral mesoderm can be inhibited by a dominant negative retinoic acid
receptor. Formation of the posterior hindbrain is also dependent on retinoid
signaling. Consistently, overepression of HoxD1 induces ectopic posterior
hindbrain gene expression, and represses epidermis formation. Using this data I
propose a modified model of posterior patterning, in which retinoic acid induces
posterior specification in the absence of neural induction. Tissue that has been
exposed to both a posteriorizing signal and neural inducers ultimately form the
posterior nervous system.
Thesis advisor: Hazel Sive
Title: Associate Professor
To the ones I love: Mom, Dad, and Gene
Acknowledgments
Scientific research cannot be done without the assistance of a multitude of
fellow researchers - those that lay the experimental groundwork for your own
experiments, those that give inspiration and encouragement, and those that assist
you in the day to day struggle with new experiments and ideas. I would like to
thank a number of people who have been critical for the completion of this thesis.
I thank Hazel Sive for introducing me to the mysteries of the embryo,
suggesting a very interesting research project, giving me opportunities to present
my research to a larger audience, and teaching me the finer points of figure
making. Her insistence on high standards has made me expect that of myself.
The enthusiasm, intellectual curiosity, and ability to laugh of my lab-
mates has made working in the Sive lab very enjoyable. The original Sive lab
crew, Brenda Kennedy and Jim Frey, were crucial in my joining the lab in the
first place. It was a their poster and frog display at a departmental poster session
that peaked my interest in embryology. Jim also did much of the initial work on
characterizing HoxD1 full-length clones, for which I am grateful. Cathy Nocente
and Ed Laufer both gave useful experimental advice to a budding young
embryologist. I especially thank Ed for many conversations about retinoids,
Hox genes, and embryology in general when I was a complete novice in all of
those subjects.
My past and present bay-mates have kindly tolerated both my mess and
my constant questions and suggestions: Laura Gammill, who shares the
knowledge of retinoid arcana, and Leila Bradley, who has let me pick her brains
from her previous life as a hindbrainologist. The ability of Laura and Leila to
speak their minds has positively helped to shape the character and atmosphere of
the lab.
Late nights passed more quickly when other night owls, particularly
Mukesh Patel and John Kuo, were around to chat both about science and other
subjects. Together with Ben Sun, who has kept me informed about the world of
baseball, they helped make eating the inevitable takeout food an enjoyable and
varied experience. The addition of fresh enthusiastic students - Josh Gamse, Dan
Wainstock, Sara Bush - has helped me keep from feeling too old.
The fish contingent - Charles Sagerstram, Jenya Grinblat, and Mary Ellen
Lane - helped keep my thoughts from being too frog centric. Long discussions
with Mary Ellen about posterior patterning were crucial in shaping the final
model presented in this thesis.
I would not have been able to do nearly so many experiments if there had
not been a series of able technical assistants. Bridey Maxwell and Sidney Higley
not only stocked the shelves and cared for the frogs, but also kept the atmosphere
lively. In addition to excellent frog care, Vladimir Apekin has been very helpful
analyzing the effect of various forms of retinoic acid receptors on development.
Finally, I would be remiss if I didn't acknowledge the series of excellent
undergraduates that have worked with me over the years that have helped keep
me on my toes, including Becky Sparks, Susan Lee, and Radha Nandagopal.
I would also like to thank Earl Ruley and members of the Ruley lab,
especially Scott Lowe, Wen Chang, Sita Reddy, James DeGregori and Christina
Scherer. This is where I got my start, and where I learned the essentials of
experimental design, the basics of tissue culture, the pleasure of late night
sessions at the Housman caf6, and the principle of hard work going hand in hand
with hard play.
I also need to thank those that made grad school more than all work. The
Monday Night Beer Club - Scott Lowe, Richard Josephson, Keith Ireton, and
others - at Charlie's Tap made that first day of the week slightly less painful.
Additionally, I spent many a pleasant summer's afternoon/evening playing
softball with the Acid Blobs. Many thanks go to the original organizers Steve
Podos and Richard Josephson, as well as their successor Mark Borowsky, for
keeping the spirit alive.
My parents have given there love and support throughout my graduate
career, for which I am grateful.
Finally, Gene Huh has been there through thick and thin, whether it was
beer and softball, all-night experiments, or long work weeks both joyful and
rotten. He has always been there with both inspiration and encouragement. I
couldn't have gotten through it without him.
Table of Contents
Chapter 1: General introduction to Xenopus anteroposterior patterning ............. 12
1.1 Introdu ction ................................................................................................. 13
1.1A Dorsoventral patterning of the mesoderm begins at
fertilization ........................................................... 13
1.1B Neural induction occurs during gastrulation .......................... 16
1.1C Anteroposterior patterning of the neural plate ....................... 18
1.1D The posterior neurectoderm is derived from lateral
ectoderm ............................................................................................ 20
1.1E The molecular basis of neural induction and patterning ....... 21
1.2 Retinoids ..................................................................................................... 22
1.2A Retinoid metabolism and signal transduction ........................ 23
1.2B Retinoids and Xenopus pattern formation ............................. 25
1.2Bi RA ablates the anterior CNS and alters hindbrain
patterning ................................... ................ 25
1.2Bii RA lateralizes the dorsal mesoderm ........................... 27
1.2Biii RA directly alters the anteroposterior pattern of
the ectoderm ......................................... ............................... 29
1.2Biv Retinoids alter the expression of patterning
genes ............................................. ........ .......... .......... 29
1.2C Vertebrate embryos contain retinoids ...................................... 30
1.2D Embryos contain RA binding proteins and receptors ........... 32
1.2E Retinoid signaling is necessary for normal development......33
1.2Ei Inhibition of retinoids signaling alters Xenopus
patterning ................................... ................ 33
1.2Eii Inhibition of retinoid signaling alters
development of other vertebrates ....................................... 35
1.3 Hox genes and pattern formation ........................................... 35
1.3A Hox genes are regulated by retinoids in vivo and in
vitro ......................................................................................................... 37
1.3B Hox genes provide positional information along the
anteroposterior axis ................................... ............. 37
1.3C Are Hox genes regulated by a retinoid gradient? ............... 38
1.3D Hox genes are transcription factors ....................................... 39
1.3E Hox genes pattern the hindbrain ........................................... 40
1.4 HoxD1, retinoids, and pattern of the posterior neural plate...............41
Chapter 2: Expression and regulation of Xenopus labial Hox genes .................. 68
2.1 Introduction ................................................................................................. 69
2.2 Results .............................................. .................................................... 71
2.2A Characterization of HoxAl and HoxD1 protein sequence.... 71
2.2B HoxAl expression is dynamic ................................................ 72
2.2C HoxD1 expression defines a novel posterior domain ............ 73
2.2D HoxD1 is expressed primarily in ectoderm ............................. 75
2.2E Retinoic acid alters the spatial pattern of HoxAl and
HoxD1 RNA expression ................................................................... 76
2.2F HoxAl and HoxD1 induction is temporally regulated in
isolated ectoderm ................................................................... 77
2.2G HoxAl and HoxD1 are induced as an immediate early
response to RA ..................................................... .......................... 78
2.2H Thyroid hormone receptor inhibits the RA induction of
HoxD1 in animal caps ............................... ............................ 78
2.21 HoxD1 is induced as a secondary response to activin and
bFG F ....................................................................................................... 80
2.2J Expression of dominant negative receptors implicate
retinoids, activin and bFGF in HoxD1 induction in embryos........ 80
2.2K Expression of dominant-negative receptors must occur
early in development to ablate HoxD1 expression.......................82
2.3 D iscussion ................................................................................................... 83
2.3A labial-like Hox genes are highly conserved ........................... 84
2.3B Xenopus and mouse labial Hox genes have distinct
patterns of expression ............................................... 85
2.3C Retinoids induce both HoxAl and HoxD1 ........................... 86
2.3D Retinoids may be endogenous regulators of Hox gene
expression ........................................................ 87
2.3E HoxD1 is induced by bFGF and activin .................................. 89
2.3F Mesoderm-derived signals induce endogenous HoxD1 ........ 90
2.3G Induction of HoxD1 is dependent on multiple signals..........91
2.4 Acknowledgments............................................ ........................ 92
Chapter 3: Xenopus posterior patterning is a multistep process that requires
retinoid signaling........................................................ ........................................... 117
3.1 Introduction ................................................... ....................................... 118
3.2 Results ........................................ 120
3.2A A RARa2 C-terminal deletion mutant protects embryos
from the teratogenic effects of retinoic acid .................................... 120
3.2B Overexpression of RARA blocks induction by RA in
animal caps ...................................... 121
3.2C Pattern formation in the hindbrain requires retinoid
signaling ............................. ........................ .................................. 122
3.2D Retinoid signaling is required in the neurectoderm for
HoxD1 induction ................... ..................... 125
3.2E Retinoic acid is not equivalent to the mesodermal
posteriorizing factor ..................................... 125
3.2F FGF and RA act in distinct ectodermal domains .................. 127
3.3 D iscussion ................................................................................................. 128
3.3A Dominant negative inhibition of retinoid signaling............... 128
3.3B Retinoid signaling is required in the future hindbrain .......... 129
3.3C RARA has no effect on the expression of anterior and
posterior markers .................................... 131
3.3D Retinoids and FGF act in distinct domains of the embryo .... 132
3.3E A model for posterior neural patterning ............................... 134
3.4 Acknow ledgm ents................................... ........................................... 136
Chapter 4: HoxD1 cooperates with Pbx to modulate ectodermal patterning ..... 151
4.1 Introduction ....................................... 152
4.2 Results ........................................ 154
4.2A Overexpression of Xenopus HoxD1 alters ectodermal
patterning and stimulates proliferation ............................................ 154
4.2B HoxD1 cooperates with PBX1 to activate transcription ......... 156
4.2C An inducible HoxD1 protein is dependent on
coexpression with PBX .................................... 159
4.2D HoxD1-GR and PBX-GR stimulate proliferation ................... 160
4.2E HoxD1-GR cooperates with PBX-GR to alter ectodermal
patterning ....................................... 161
4.2F Isolation of Xenopus Pbx............................................................162
4.2G Expression of Xenopus Pbx ..................................... 164
4.3 Discussion ........................................ 165
4.3A HoxD1 and PBX cooperate to activate transcription............. 165
4.3B HoxD1 stimulates proliferation ................................................. 167
4.3C HoxD1 alters hindbrain patterning ........................................ 168
4.3D HoxD1 overexpression partially phenocopies the effects
retinoic acid treatment ..................................... 169
4.3E Pbx may limit the domain of HoxD1 function ...................... 170
4.3F A model of posterior neurectodermal induction ................... 172
4.4 A cknow ledgm ents...................................................................................... 172
Chapter 5: Patterning of the posterior neurectoderm: summary, model and
future prospects ........................................ 195
5.1 Introduction ....................................... 196
5.2 Paralogue group 1 Hox genes are regulated by retinoids ................. 196
5.2A The labial family of Hox genes is induced by RA ................ 196
5.2B Retinoid signaling is necessary for vertebrate labial-like
Hox gene expression ..................................... 198
5.2C Retinoids are necessary for normal hindbrain patterning..... 199
5.2D Retinoids acts directly on ectoderm to suppress anterior
developm ent.......................................................................................... 200
5.2E Xenopus HoxD1 is expressed in a unique posterolateral
dom ain ................................. ................ ................................... 201
5.2F Labial Hox genes are expressed in similar, but not
identical, domains in the early neurula embryos ........................ 202
5.3 The function of labial Hox genes is conserved in vertebrates. ............. 204
5.3A Overexpression of labial Hox genes alters anteroposterior
patterning .............................................................................................. 204
5.3B Overexpression of HoxD1 is not equivalent to RA
treatm ent ................................................................................................ 205
5.3C Labial Hox genes regulate similar targets .............................. 206
5.4 A model of posterior pattern formation............................. .............. 206
5.4A Predictions of the posterior induction model....................................208
5.4B Is the posteriorization model applicable to other
vertebrates? .......................................................................... ............ 214
5.5 Future D irections .............................................. .................................... 216
5.5A Does lateral ectoderm preferentially form posterior
neural tissue? ......................................................................................... 216
5.5B Is HoxD1 required for normal hindbrain patterning? ............ 217
5.5C What are the downstream targets of HoxD1? ......................... 217
Appendix A: Efficient hormone-inducible function in Xenopus laevis .............. 224
Al Introduction.............................. ..... .... ........................... .............. 225
A2 Results and Discussion ........................................................................... 226
A2.A MyoD-hormone receptor fusions are activatable in
animal caps and whole embryos ...................................... .... 226
A2.B MyoD fusion proteins are more effective than
unmodified MyoD ..................................... ............... 227
A2.C MyoD-GR activation is rapid ............................................... 228
Acknowledgments ........................................................................................ 230
Appendix B: Materials and Methods ..................................................................... 235
B1 Embryo Culture and Dissection.......... ............................................ 236
B1.A Fertilization and staging of embryos .................................... 236
B1.B Dissections .................................................................................... 236
B1.C In vitro treatments ....................................................................... 237
B1.D Microinjection of mRNA ......................................................... 238
B1.E Inhibition of proliferation ..................................... 238
B2 Cloning and sequence analysis ............................................................... 238
B2.A Sequence analysis of HoxD1 and HoxAl ................................ 238
B2.B Expression plasmid construction and subcloning .............. 240
B2.C Isolation of Xenopus Pbx sequences ................................................. 244
B2.D Construction of hormone-inducible proteins ...................... 246
B2.F Construction of HoxD1-Engrailed repressor fusion ............. 248
B2.G Construction of the rpt3 reporter plasmid ........................... 248
B3 Analysis of Gene Expression ................................................................... 248
B3.A Isolation of RNA and Northern analysis .............................. 248
B3.B RT-PCR ........... .......... ............................. ................................. 249
B3.Bi Gene-Specific Primers for RT-PCR analysis ............. 250
B3.C In situ hybridization ............................................. 250
B3Ci In vitro transcription for in situ hybridization
probes .................................... ......... . ......... 251
B3.D j-galactosidase staining ........................................ 252
B3.E Lineage labeling ................................................................ 252
B3.F Chloramphenicol Acetyl Transferase (CAT) assay ............. 252
B3.G Western blotting ................................................ 253
B4 Acknow ledgm ents ................................................................................... 253
References .............................................................. .......................................... 254
Figures and Tables
Figure 1.1 Normal Xenopus development ............................................. 44
Figure 1.2 Dorsoventral pattern formation occurs prior to gastrulation ............. 46
Figure 1.3 Neural induction occurs during gastrulation ..................................... 48
Figure 1.4 Regional gene expression..........................................50
Figure 1.5 Convergence and extension during gastrulation ............................ 52
Figure 1.6 Models of neural induction and patterning ........................................ 54
Figure 1.7. Retinoid metabolism ................................................... 56
Figure 1.8 Retinoid activation of gene expression ......................................... 58
Figure 1.9 Teratogenic effect of retinoids on Xenopus embryos .......................... 60
Figure 1.10. Vertebrate Hox clusters ................................................ 62
Figure 1.11 Spatial colinearity in Hox gene expression .......................................... 64
Figure 1.12 Gene expression in the vertebrate hindbrain .................................... 66
Figure 2.1 Xhox.labl and Xhox.lab2 are Xenopus HoxD1 and HoxAl .................. 93
Figure 2.2 Expression pattern of HoxAl. ............................................. 95
Figure 2.3 Expression pattern of HoxD1. ............................................... 97
Figure 2.4 HoxD1 is expressed primarily in ectoderm. ........................................ 99
Figure 2.5 Retinoic acid alters the pattern of HoxAl and HoxD1 expression .... 101
Figure 2.6 Responsiveness of animal caps to retinoic acid ................................ 103
Figure 2.7 Protein synthesis-independent induction of HoxAl and HoxD1
by retinoic acid .............................................................................................................. 105
Figure 2.8 Induction of HoxD1 by retinoic acid is eliminated by c-erbA, but
not v-erbA .................................. ................................................ 107
Figure 2.9 HoxD1, but not HoxAl, is induced by activin and bFGF .................. 109
Figure 2.10 HoxD1 expression is ablated by the misexpression of dominant
negative receptors......................................................................................................... 111
Figure 2.11. Dominant negative receptors block HoxD1 expression early in
developm ent .................................................................................................................. 113
Figure 2.12. Model of HoxD1 induction ..................................... 115
Table 3.1. Overexpression of the dominant negative RARoa2 ablates
expression of HoxD1 and Krox-20 ........................................................................ 123
Figure 3.1. Overexpression of the dominant negative RARoa2 blocks the
teratogenic effects of retinoic acid ...................................... 137
Figure 3.2. Overexpression of the dominant negative RARa2 blocks
induction of HoxD1 and HoxAl by retinoic acid ................................................. 139
Figure 3.3. Overexpression of dominant negative RARa2 blocks expression
of HoxD1 and alters Krox-20 staining. ...................................................................... 141
Figure 3.4. Overexpression of dominant negative RARa2 blocks induction
of H oxD 1 by m esoderm ............................................................................................... 143
Figure 3.5. Midgastrula posterior mesendoderm posteriorizes anterior
dorsal ectoderm ............................................................................................................ 145
Figure 3.6 Retinoic acid can posteriorize gene expression in isolated anterior
dorsal ectoderm . ........................................................................................................... 147
Figure 3.7. Model of RA and FGF function in the embryo .................................. 149
Table 4.1: Overexpression of HoxD1 alters ectodermal patterning ................... 157
Table 4.2: HoxD1-GR cooperates with PBX-GR to alter ectodermal
patterning ......................................................... ................................................ 163
Figure 4.1. HoxD1 alters ectodermal patterning and stimulates
proliferation ................................................................................................................... 173
Figure 4.2 HoxD1 cooperates with PBX to activate transcription through the
rpt3 enhancer .............................................................................................................. 175
Figure 4.3 Constructs used in overexpression assays .......................................... 177
Figure 4.4 HoxD1-GR is dependent on PBX-GR for transactivation. ................... 179
Figure 4.5 HoxD1-GR cooperates with PBX-GR to stimulate proliferation. ........ 181
Figure 4.6 HoxD1-GR cooperates with PBX-GR to alter ectodermal
patterning ......................................................... ................................................ 183
Figure 4.7 Pbx is a highly conserved protein ......................................................... 185
Figure 4.8. Developmental expression of Xenopus Pbx ....................................... 187
Figure 4.9. Expression pattern of Xenopus Pbx ...................................... 189
Figure 4.10. Xenopus Pbx is absent from the cement gland ................................ 191
Figure 4.11 HoxD1 and Pbx cooperate to pattern the posterior
neurectoderm ............................. ............................... ............................................. 193
Figure 5.1 Model of posterior patterning ..................................... 220
Figure 5.2 A dominant inhibitory engrailed-HoxD1 fusion ................................... 222
Table Al: Stage and time dependent activation of muscle actin by MyoD-
G R ................................................................................................................................... 229
Figure Al MyoD-GR and MyoD-ER induce muscle actin in a hormone
dependent fashion........................................... 231
Table Bl:Templates for in vitro transcription of capped mRNA ....................... 239
Table B2: HoxD1 primers ............................................................................................ 241
Figure B1. Location of HoxD1 primers........................................... 242
Table B3: Xenopus Pbx primers ................................................................................ 245
Table B4: GR-ligand binding domain primers. .................................................... 246
Table B5: Plasmids and inserts for Northern blot probes ....................................... 249
Table B6: RT-PCR Primers ...................................................................................... 250
Table B7: Transcription templates for in situ hybridization probe synthesis ...... 251
Chapter 1: General introduction to Xenopus anteroposterior
patterning
1.1 Introduction
The inductive events that establish the dorso-ventral and antero-
posterior axes in the frogXenopus laevis begin with fertilization and continue
through gastrulation. Neural induction and anteroposterior patterning are
dependent on proper dorso-ventral patterning in the mesoderm and ectoderm.
During gastrulation the dorsal ectoderm is exposed to an initial set of signals,
both from the underlying mesoderm and within the ectoderm itself. These
signals induce the ectoderm to become neural tissue, rather than epidermis,
and pattern the developing nervous system along the anteroposterior axis.
The result of these inducing signals is region-specific changes in gene
expression in the induced dorsal ectoderm. These changes, among them the
induction of transcription factors and cell adhesion molecules, ultimately
result in region-specific differentiation. By the end of gastrulation the body
plan of the embryo has been set down, and the formation of many different
organs has been specified.
Using Xenopus as a model system, I have examined the patterning of
the posterior neural plate. Xenopus is an ideal organism for many aspects of
embryological analysis, because the embryos are large and develop externally,
so that even the earliest stages of embryogenesis are accessible for study and
manipulation. Additionally, development proceeds rapidly, such that the
early steps of embryogenesis through gastrulation occur within 14 hours of
fertilization (Figure 1.1). Finally, there is a long history of embryological
experimentation in Xenopus and other amphibia, that can be used as a basis for
experiments using molecular markers and defined signaling molecules.
1.1A Dorsoventral patterning of the mesoderm begins at fertilization
Distinction between the dorsal and ventral sides of the embryo begins at
fertilization. Both the ability to produce neural-inducing signals and the
competence to respond to those signals resides on the dorsal side of the
embryo. The mature Xenopus egg has a single axis of asymmetry, which
contains the darkly pigmented animal hemisphere (which gives rise to the
epidermis and neural tissue) and the vegetal hemisphere (which consists of
yolky endoderm and gives rise to the gut). The sperm penetrates the egg
within the animal hemisphere(Figure 1.2). This stimulates the microtubule
array which underlies the plasma membrane to rotate 300 with respect to the
underlying cytoplasm (reviewed in: Klymkowsky and Karnovsky, 1994). This
rotation causes displacement of a dorsal-axis inducing activity from the vegetal
pole to the dorsal side of the embryo (roughly 1800 across from the sperm entry
point; Fujisue et al., 1993). Disruption of the microtubule array (for example by
treatment with ultraviolet light) prevents cortical rotation, and results in a
completely ventralized embryo (Elinson and Pasceri, 1989; Scharf and Gerhart,
1983).
Fertilization is followed by rapid cleavages. Beginning around the 32-
cell stage, mesoderm is induced in the border region between the animal and
vegetal hemispheres (the marginal zone; Dale and Slack, 1987b; Jones and
Woodland, 1987). A general signal induces ventral-type mesoderm (or non-
dorsal mesoderm) throughout the marginal zone (Dale and Slack, 1987b) A
signal emanating from the Nieuwkoop center induces the organizer on the
dorsal side of the embryo (Dale and Slack, 1987b; Yuge et al., 1990). (Figure 1.2).
The entire spectrum of molecules involved in mesoderm induction is
as yet unclear, but probably involve TGFI and FGF family members (reviewed
in: Sive, 1993). TGFP family members, including activin and Vgl have the
ability to induce a broad range of mesodermal types in naive ectoderm
(Ariizumi et al., 1991; Green et al., 1992; Kessler and Melton, 1995; Thomsen
and Melton, 1993; Thomsen et al., 1990; Vize and Thomsen, 1994).
Overexpression of a dominant interfering receptor that blocks the function of a
number of TGFP-like molecules (including activin, Vgl, and BMP-4) inhibits
all mesoderm formation (Hemmati-Brivanlou and Melton, 1992; Schulte-
Merker et al., 1994). In contrast, FGFs can only induce ventral and lateral
mesoderm (Green et al., 1992; Kimelman and Kirschner, 1987). The actual
function of FGF may be to make marginal zone tissue competent to respond to
TGFP-like molecules (Cornell and Kimelman, 1994a; LaBonne and Whitman,
1994; Schulte-Merker et al., 1994). Overexpression of dominant interfering FGF
receptors blocks formation of somites and notochord, but does not interfere
with the formation of head mesoderm (Amaya et al., 1991; Amaya et al., 1993;
Kroll and Amaya, 1996). Additional mesoderm inducing factors are probably
present during cleavage stages.
The non-dorsal mesoderm is further split into subregions by two
additional signals that occur during blastula and early gastrula stages. The
dorsal marginal zone (DMZ) produces a signal which dorsalizes the adjacent
ventral/intermediate-specified mesoderm to form muscle (Dale and Slack,
1987b; Smith and Slack, 1983) The dorsalizing signal is strongest at the onset of
gastrulation, and tapers off as gastrulation proceeds (Lettice and Slack, 1993).
Studies of the TGF-P-family member BMP-4 suggest that there is also a
ventralizing signal in the ventral marginal zone (VMZ). However, this signal
is neither able to alter the differentiation of dorsal marginal zone into
notochord, nor override the dorsalizing signal in assays in which the two
tissues are apposed to one another (Smith and Slack, 1983). In addition to
BMP-4, wnt8 may provide additional ventralizing signals (Christian and
Moon, 1993). Like dorsalization, ventralization occurs during gastrulation
(Jones et al., 1996).
By the middle of gastrulation the entire dorsoventral axis of the
mesoderm has been extensively specified by these four signals to form
(progressing from dorsal to ventral mesoderm) notochord, heart, somites
(muscle), pronephros, mesenchyme, and blood (Sive, 1993). The dorso-ventral
pattern of the mesoderm can be visualized by the expression of mesodermal
markers (Figure 1.4A). General mesodermal markers, such as brachyury, are
expressed throughout the marginal zone (Smith et al., 1991). The dorsal
mesoderm, or organizer, is defined by the region of expression of the
transcription factors siamois (Lemaire et al., 1995), goosecoid (Cho et al., 1991) ,
pintallavis/XFKH1 (Ruiz i Altaba and Jessell, 1992b; Kn6chel, et al., 1992), and
liml (Taira et al., 1992); as well as the growth factors chordin (Sasai et al., 1994),
nodal-related factors (Jones et al., 1995; Smith et al., 1995), noggin (Smith and
Harland, 1992), and follistatin (Hemmati-Brivanlou et al., 1994). At early
gastrula, the ventral and lateral marginal zones express growth factors such as
wnt8 (Christian and Moon, 1993; Smith and Harland, 1991), and BMP-4
(Fainsod et al., 1994), as well as the homeodomain-containing genes Vox-1 and
Vent-1 (Ault et al., 1996; Gawantka et al., 1995; Schmidt et al., 1996). These
factors may all contribute to the ultimate dorsoventral pattern of the embryo.
1.1B Neural induction occurs during gastrulation
Subsequent to dorso-ventral patterning is induction of neural tissue on
the dorsal side of the embryo and specification of the anteroposterior (A/P) axis
during gastrulation. Gastrulation begins with the invagination of bottle cells
on the dorso-vegetal side of the embryo (Nieuwkoop and Faber, 1967), This is
followed by the involution of mesoderm, beginning on the dorsal side, and
continuing laterally and ventrally. The lateral and ventral mesoderm move
dorsally during involution, converging on the dorsal side of the embryo as the
mesoderm extends along the A/P axis (reviewed in Keller, 1991). During
gastrulation, there is a series of inductive events that occur both within and
between the dorsal mesoderm and dorsal ectoderm to induce the nervous
system (Figure 1.3). The dorsal ectoderm is more responsive to these neural-
inducing signals than the ventral ectoderm (Itoh and Kubota, 1991; Otte, 1992;
Otte et al., 1991; Sharpe et al., 1987). By the end of gastrulation a highly
regionally specified neural plate has formed (Figure 1.4B).
At least one component of neural induction is the elimination of an
endogenous signal that maintains the epidermal character of the ectoderm
(Hemmati-Brivanlou and Melton, 1997). The Epil epidermal epitope is
expressed at low levels in the dorsal ectoderm at early gastrula; as neural
induction proceeds Epil expression is lost from the dorsal ectoderm (Savage
and Phillips, 1989). Dissociated animal caps autonomously express neural
markers and lose epidermal gene expression (Godsave and Slack, 1989; Grunz
and Tacke, 1989), presumably due to the loss of an endogenous factor(s) which
maintains the epidermal character of the cells.
A source of neural-inducing signals is the early gastrula DMZ. At the
onset of gastrulation a region of the DMZ 60-90' wide, extending from the
blastocoel floor to the dorsal lip (Stewart and Gerhart, 1990; Vodicka and
Gerhart, 1995), is able to induce a secondary dorsal axis, including muscle and
neural tissue, when transplanted to the VMZ of a recipient embryo
(Spemann's orignal experiments reviewed in Gilbert and Saxen, 1993; in
Xenopus Jacobson, 1984). Because of this property, this region is termed the
organizer. The organizer also has the ability to induce neural tissue in
conjugates with competent ectoderm (for example:(Doniach and Musci, 1995;
Jacobson and Rutishauser, 1986; Jones and Woodland, 1989; Tacke and Grunz,
1988)), and may itself be able to form neural tissue as well as mesoderm
(Jacobson, 1984). Dorsalization of the marginal zone by LiCl treatment causes
neural tissue to form on both the dorsal and ventral side of the embryo (Kao
and Elinson, 1988; Klein and Moody, 1989).
Neural-inducing signals are provided to the dorsal ectoderm by a
combination of planar and vertical interactions. Flat strips of dorsal ectoderm
and mesoderm ("Keller explant") from initial gastrula embryos form a nearly
complete dorsal axis with the mesoderm forming notochord and somites, and
the ectoderm expressing a number of neural and epidermal markers in the
correct A/P sequence (Dixon and Kintner, 1989; Doniach et al., 1992; Keller and
Danilchik, 1988; Papalopulu and Kintner, 1993; Ruiz i Altaba, 1992a; Sater et al.,
1993). However, the small amount of involution of the head mesoderm that
occurs before the dorsal lip becomes visible appears to provide necessary
vertical signals for this induction (Nieuwkoop and Koster, 1995).
1.1C Anteroposterior patterning of the neural plate
As gastrulation proceeds, the dorsal ectoderm becomes progressively
specified to a number of neural fates. Eyal-Giladi first observed that neural
induction follows the extent of involuted mesoderm during gastrulation
(reviewed in Doniach, 1993). She also noted that the posterior ectoderm is
initially specified to form forebrain. This forebrain specification moves
anteriorly during gastrulation, while the posterior ectoderm is respecified to
more posterior fates. This has also been observed in Xenopus embryos, by
following the region of dorsal ectoderm specified to form cement gland (Sive et
al., 1989). However, even at mid-gastrula, the regions of the presumptive
neural plate are only loosely specified in broad overlapping domains.
Specification along the A/P axis is quite labile until at least the end of
gastrulation (Saha and Grainger, 1992; Sharpe and Gurdon, 1990; Sive et al.,
1989).
How then is the regionalization of the neural plate accomplished? There
are several models that are consistent with the observed transient anterior
specification in posterior ectoderm. The simplest model is that different
regions of the involuting mesoderm have different inducing capacity
("Regional inducer model"). The anterior mesoderm would induce anterior
neural tissue and the posterior mesoderm would induce posterior neural
tissue (Fig. 1.5 A). The type of neural tissue induced by different pieces of
mesoderm is indeed regionalized. At mid to late gastrula, the anterior
mesoderm generally induces forebrain and cement gland, and the posterior
mesoderm induces trunk and tail tissue (Hemmati-Brivanlou et al., 1990; Saha
and Grainger, 1992; Sharpe and Gurdon, 1990; Sive et al., 1989). However,
several studies have shown that posterior mesoderm induces both anterior
and posterior markers (Doniach and Musci, 1995; Hemmati-Brivanlou et al.,
1990; Sharpe and Gurdon, 1990), a result that is inconsistent with this model.
An alternative model proposes a single source of neural-inducing factors
produced by the posterior dorsal mesoderm ("Single gradient model"). During
gastrulation a gradient of inducing molecules would form, with the highest
levels at the posterior and the lowest levels at the anterior (reviewed in
Doniach, 1993; Figure 1.5B). While Doniach and Musci (1995) have shown
that the ratio of posterior mesoderm to ectoderm can influence the type of
neural tissue induced, the same study showed that induction of XANF2 (an
anterior neural marker) is found in most recombinants regardless of the
amount of posterior mesoderm present, suggesting that this model is also too
simplistic to explain neural patterning.
The current prevailing model involves two signals. Nieuwkoop (1952)
inserted ectodermal folds along the presumptive neural plate of early gastrula
urodele embryos. Neural induction occurred in the folds, with the proximal
portion induced to form neural tissue at the A/P level of the insertion, and
more anterior structures specified distally (Figure 1.5 C, panel b). Significantly,
the largest total quantity of neural tissue is formed when ectoderm is inserted
adjacent to anterior dorsal mesoderm. This excess anterior neural tissue can
not be explained by an inducer gradient with the highest concentration at the
posterior. This led to the hypothesis that there is an initial induction of
anterior neural structures in the dorsal ectoderm ("activation"). A second
signal, found in a gradient with the highest level in the posterior dorsal
mesoderm, respecifies the anterior tissue to more posterior fates
("transformation"). This model makes two predictions about the formation of
the posterior CNS: posterior neurectoderm is required to pass through an
anterior-specified state, and that the posterior-inducing signal forms a gradient
(Figure 1.5 C, panel a).
1.1D The posterior neurectoderm is derived from lateral ectoderm
One limitation of the two signal model of pattern formation is that it
looks at gastrulation in two dimensions, rather than three. In fact the posterior
CNS, spinal cord and hindbrain, fate map to lateral regions of the early gastrula
embryo (Keller et al., 1992a; Keller et al., 1992b; Figure 1.6 A). During
gastrulation there is large scale movement of cells toward the dorsal midline,
particularly between midgastrula (stage 11.5) and early neurula (stage 15; Figure
1.6 B). This ultimately results in a posterior nervous system derived primarily
from the lateral ectoderm, with the original dorsal cells populating the
floorplate (reviewed in Keller, 1991). Complete models of A/P patterning in
the nervous system must take these movements into account.
1.1E The molecular basis of neural induction and patterning
The original work of Eyal-Giladi, Nieuwkoop and others assayed the
specification state of tissues by morphology. This made it difficult to assess the
early steps of pattern formation. Current studies have used purified growth
factors and their receptors, along with a battery of regionally expressed markers
to determine the molecular basis of early inductive events.
The TGFO3 family member, BMP-4, has been implicated as the ventral
epidermalizing signal (Wilson and Hemmati-Brivanlou, 1995).
Overexpression of receptors which dominantly interfere with BMP-4 signaling
induce ectopic neural tissue (Hawley et al., 1995; Hemmati-Brivanlou and
Melton, 1994; Sasai et al., 1995; Wilson and Hemmati-Brivanlou, 1995).
Consistent with these experiments, several organizer-specific factors
(follistatin, chordin, noggin) have been shown to bind BMP-4 and inhibit its
activity (Hemmati-Brivanlou and Melton, 1997; Piccolo et al., 1996; Re'em-
Kalma et al., 1995; Sasai et al., 1995; Zimmerman et al., 1996). These factors
have the capacity to induce neural tissue in ectoderm (Hemmati-Brivanlou et
al., 1994; Knecht et al., 1995; Lamb et al., 1993; Sasai et al., 1995), as well as
dorsalize the VMZ (Sasai et al., 1994; Smith et al., 1993), thus taking on both
classically defined organizer roles (Smith and Slack, 1983). These experiments
have led to the hypothesis that active BMP-4 signaling is required to maintain
an epidermal state, and repress neural differentiation (reviewed in Green, 1994;
Hemmati-Brivanlou and Melton, 1997).
The two signal model of neural induction is supported by experiments
using these neural inducers. Noggin, chordin and follistatin primarily induce
anterior neural markers in isolated ectoderm (Hemmati-Brivanlou et al., 1994;
Knecht et al., 1995; Lamb et al., 1993). Secondary treatment with several factors,
including retinoic acid (RA), bFGF, and wnt-3A, can induce expression of more
posterior markers in this neuralized tissue (Cox and Hemmati-Brivanlou,
1995; Kengaku and Okamoto, 1995; Lamb and Harland, 1995; McGrew et al.,
1995; Papalopulu and Kintner, 1996; Sive et al., 1990; Sive and Cheng, 1991;
Taira et al., 1997).
The source of posteriorizing signals in the two-signal model is the
posterior mesoderm. Conjugation of mid-gastrula dorsal ectoderm with
posterior dorsal mesoderm decreases anterior and increases posterior gene
expression, supporting this hypothesis (Sive et al., 1989). eFGF is expressed in a
ring around the blastopore, consistent with a normal role for this factor in
posteriorization (Isaacs et al, 1992). In contrast, wnt-3A is not expressed until
early neurula, and is localized to the anterior neural folds (Wolda et al., 1993).
Since many wnts have similar activities when overexpressed in the embryo,
wnt-3A may mimic another wnt in its ability to posteriorize anterior
neurectoderm (Moon et al, 1993). Wnt-8 is a potential candidate for a
posteriorizing wnt molecule, since it has similar activity to wnt-3A in several
assays, and is expressed in the lateral and ventral marginal zones, adjacent to
posteriorly fated ectoderm (Christian and Moon, 1993; Moon et al., 1993). The
localization of RA is unclear (discussed in detail below).
1.2 Retinoids
Retinoic acid has been proposed as one of the endogenous posteriorizing
molecules in the embryo. Treatment of embryos with all-trans retinoic acid
(RA) has profound teratogenic effects on vertebrate embryonic development,
particularly formation of craniofacial structures (reviewed in: Armstrong et al.,
1994; Conlon, 1995; Hoffman and Eichele, 1994; Gudas, 1994; Sulik et al., 1988),
even though it is unable to induce either mesoderm or neural tissue (Durston
et al., 1989; Ruiz i Altaba and Jessell, 1991a; Sive et al., 1990; Tadano et al., 1993).
Before discussing the effects of endogenous and exongenous retinoids in more
detail, I will first describe the metabolism of retinoids, along with retinoid
signal transduction pathways.
1.2A Retinoid metabolism and signal transduction
All vertebrate embryos examined contain a variety of biologically active
retinoids (Ang et al., 1996a; Blumberg et al., 1996; Chen et al., 1992; Chen et al.,
1994; Colbert et al., 1993; Creech-Kraft et al., 1994a; Creech-Kraft et al., 1994b;
Dong and Zile, 1995; Durston et al., 1989; Marsh-Armstrong et al., 1995;
Pijnappel et al., 1993; Twal et al., 1995), as well as binding proteins and receptors
(For example in Xenopus: (Blumberg et al., 1992; Dekker et al., 1994; Ellinger-
Ziegelbauer and Dreyer, 1991; Ho et al., 1994; Sharpe, 1992a; Sharpe and
Goldstone, 1997). These enzymes, binding proteins, and receptors serve as a
complex regulatory cascade to modulate the level and function of retinoids in
the embryo. Although the components of retinoid metabolism and signal
transduction are present from early embryonic stages through adulthood, the
focus of this discussion is on the expression and function of these molecules
during gastrula and neurula stages.
There are a number of retinoids that are biologically active. In adults,
retinoids are supplied by ingestion of vitamin A (retinol) as well as retinyl
esters (from animal tissue) and f-carotene (from plants). Retinol (or P-
carotene) is oxidized into retinaldehyde (retinal) by alcohol dehydrogenase.
Retinal is subsequently oxidized into all-trans retinoic acid (RA) by aldehyde
dehydrogenase. Binding of retinol or retinal to cytoplasmic retinol-binding
protein (CRBP) is necessary for efficient enzymatic activity (Figure 1.7,
reviewed in: Blaner and Olson, 1994; Gudas, 1994; Morriss-Kay, 1993).
Inhibition of retinal dehydrogenase by either citral or disulfiram blocks
teratogenic effects produced by ectopic application of retinol, suggesting that the
active molecule is retinoic acid (Marsh-Armstrong et al., 1994; Schuh et al.,
1993). RA can be further isomerized into 9-cis or 13-cis retinoic acid, or
oxidized into 4-oxo retinoic acid, both of which have similar teratogenic
properties to RA (Blumberg et al., 1996; Creech-Kraft et al., 1994b; Pijnappel et
al., 1993). Cytoplasmic retinoic acid-binding protein I (CRABP-I) facilitates the
oxidation of RA. Overexpression of CRABP in Xenopus embryos enhances
sensitivity to RA treatment, perhaps reflecting the sensitivity of embryos to 4-
oxo isoforms (Blumberg et al., 1996; Dekker et al., 1994; Ho et al., 1994; Pijnappel
et al., 1993). Finally, it has been proposed that the function of CRABP-II is to
deliver RA to its receptor the nucleus (reviewed in: Morriss-Kay, 1993).
Retinoic acid receptors are transcription factors that are activated by
retinoid-binding (Figure 1.8). There are three retinoic acid receptors (RARs), a,
3 and y, of which there are several isoforms created by the use of multiple
promoters and alternative splicing (reviewed in: Leid et al., 1992). RARs are
members of a large family of nuclear receptors (reviewed in: Manglesdorf et al,
1994). These receptors, which include the thyroid hormone receptor (T3R) and
the vitamin D receptor (VDR), form heterodimers with RXR and bind similar
DNA elements. The DNA-binding sites consist of direct repeats of two
hexamer sequences, and response elements for different receptors are
distinguished by the spacing between the repeats. TREs (thyroid hormone
responsive elements) have direct repeats with a four nucleotide spacer (DR4),
while RAREs (retinoic acid responsive elements) are direct repeats with either
two or five nucleotide spaces (DR2, DR5). RAR-RXR or T3R-RXR
heterodimers are prevented from activating transcription in the absence of
ligand by the binding of a co-repressor (N-CoR, SMRT, RIP-13 (Chen and
Evans, 1995; Kurokawa et al., 1995)). Ligand-binding causes a conformational
chance in RAR, dissociating the co-repressors, and allowing interaction with
co-activators and transcriptional machinery (reviewed in: Schwabe, 1996).
1.2 B Retinoids and Xenopus pattern formation
The teratogenic effect of retinoid treatment on Xenopus embryos is
consistent with endogenous retinoids playing a role in anteroposterior pattern
formation. Sensitivity to retinoids is maximal as the anteroposterior axis is
specified during gastrulation (Durston et al., 1989; Ruiz i Altaba and Jessell,
1991a; Sive et al., 1990). In the ectoderm, RA does not alter the total extent of
neural tissue formation, while it causes the loss of forebrain and midbrain
structures, with concomitant expansion of the hindbrain (Durston et al., 1989;
Maden and Holder, 1992; Papalopulu et al., 1991a; Ruiz i Altaba and Jessell,
1991a, 1991b; Sive et al., 1990).. In the mesoderm there is loss of heart structures
and a reduction in blood formation, with a concomitant expansion of the
pronephros, and at the highest doses, inhibition of tail elongation (Drysdale et
al., 1994; Durston et al., 1989; Sive and Cheng, 1991; Taira et al., 1994).
1.2Bi RA ablates the anterior CNS and alters hindbrain patterning
There is progressive loss of dorsal anterior structures, including
forebrain, eyes and cement gland as the dose of RA is increased (Figure 1.9;
Durston et al., 1989; Ruiz i Altaba and Jessell, 1991a; Sive et al., 1990). The
midbrain-hindbrain boundary is shifted anteriorly in RA-treated embryos,
indicating loss of forebrain (Sive et al., 1990) . Eyes, which are derived from the
diencephalic region of the forebrain, are also highly RA-sensitive (Durston et
al., 1989). Similarly, gene expression in the fore- and midbrain (serotonin,
xhox3, otx2) is repressed by RA (Blitz et al., 1994; Pannese et al., 1995; Ruiz i
Altaba and Jessell, 1991b), Slightly higher RA doses ablate the midbrain-
hindbrain boundary, as assayed by engrailed-2 expression (Drysdale and
Crawford, 1994) and by the loss of a distinct morphological midbrain-hindbrain
restriction (Manns and Fritzsch, 1992; Papalopulu et al., 1991a).
Neither the total volume of CNS (Durston et al., 1989), nor the level of
neural-specific markers 3-tubulin (Brennan, 1992) and N-CAM (Sive et al.,
1990) is altered by RA treatment. Fate-mapping studies of RA-treated embryos
show that cells fated to become anterior ectodermal structures (such as cement
gland and forebrain) are not lost, but form more posterior and ventral
ectodermal structures (hindbrain and epidermis (Agarwal and Sato, 1993)),
consistent with a posteriorization of the nervous system by retinoids.
The effects of low doses of retinoids are limited to expansion of the
hindbrain and loss of rhombomere morphology, as well as alterations in
cranial neurons and neural crest migration (Durston et al., 1989; Maden and
Holder, 1992; Manns and Fritzsch, 1992; Papalopulu et al., 1991a; Ruiz i Altaba
and Jessell, 1991b; van der Wees et al., 1996), Slightly higher RA doses cause
loss of anterior hindbrain structures, as assayed by the position of motor nerves
(Papalopulu et al., 1991a), loss of rhombomere 1 and 2 gene expression (Ruiz i
Altaba and Jessell, 1991b), and the anterior shift of the otic vesicle (Durston et
al., 1989; Papalopulu et al., 1991a; Ruiz i Altaba and Jessell, 1991b). Krox-20
expression in rhombomeres 3 is also lost (Bradley et al., 1993; Papalopulu et al.,
1991a). Along with loss of the anterior hindbrain, there is concomitant
expansion of rhombomeres 4 and 5 (Bradley, 1993; Manns and Fritzsch, 1992;
Papalopulu et al., 1991a). Motor nerves derived from posterior rhombomeres
(5-8) and Rohon-Beard neurons in the spinal cord appear to be normal after
RA treatment (Papalopulu et al., 1991a; Ruiz i Altaba and Jessell, 1991b) . In all
cases the precise dose and treatment regimen determines the effect on gene
expression and hindbrain morphology.
In addition to alteration in hindbrain morphology and gene expression,
RA causes craniofacial defects associated with abnormal neural crest migration
or differentiation (reviewed in: Sulik et al., 1988). This may be due to a direct
effect of retinoids on neural crest development, and/or alterations in regions
of the neural tube, from which the crest is derived (reviewed in: Noden, 1991).
1.2Bii RA lateralizes the dorsal mesoderm
The teratogenic effects of retinoids on CNS development could be due to
alterations in either mesodermal or ectodermal patterning. One consequence
of RA treatment is the lateralization of properties of the organizer, both in
intact embryos and in isolated tissue. The RA dose-dependent loss of anterior
structures (Durston et al., 1989; Ruiz i Altaba and Jessell, 1991a; Sive et al., 1990)
is similar to the progressive loss of anterior structures seen when the amount
of dorsal mesoderm is artificially reduced (Stewart and Gerhart, 1990).
Consistent with this, RA reduces the organizer activity of the DMZ.
Transplantation of the DMZ to the VMZ induces the recipient tissue to form a
well-formed ectopic head including eyes, cement gland and forebrain.
However, treatment of donor embryos with retinoic acid reduces the extent of
secondary head formation (Ruiz i Altaba and Jessell, 1991a). Similarly,
transplants of RA-treated organizer tissue into UV-treated embryos showed a
reduced capacity to form a dorsal axis, in particular the ability to form eyes
(Sive and Cheng, 1991). Finally, RA treatment reduces the amount of muscle
and notochord induced in activin-treated animal caps (Ruiz i Altaba and
Jessell, 1991a), as well as the capacity of activin-induced mesoderm to induce
neural tissue (Cho et al., 1991; Ruiz i Altaba and Jessell, 1991a) .
RA also reduces gene expression in the DMZ. Two homeobox genes,
goosecoid (gsc) and otx2, are expressed in organizer at early gastrula and later in
the head mesoderm, and are thought to play a role in inducing anterior
structures (Blitz and Cho, 1994; Cho et al., 1991; Gammill and Sive, 1997;
Pannese et al., 1995). Both gsc induction by activin and expression of gsc in
whole embryos is reduced by RA treatment (Cho et al., 1991; Tadano et al.,
1993). Similarly, otx2 expression is also reduced by RA (Blitz and Cho, 1994;
Gammill and Sive, 1997; Pannese et al., 1995). Induction of some genes
expressed in the organizer is not affected by RA, including Mix.1 (Taira et al.,
1992) and XFKH1 (Taira et al., 1994),
In contrast, liml is induced by RA, both in animal caps and whole
embryos (Tadano et al., 1993; Taira et al., 1994). Although lim-1 is expressed in
the organizer, the furthest extent of expression is more lateral than either gsc
or otx2 (Figure 1.4A; Dawid, 1994). Unlike those genes, Xenopus lim-1
expression is ultimately lost from the most anterior regions of the head
mesoderm and becomes restricted to the caudal notochord and the pronephros
(Taira et al., 1994). The expression of the pronephros is particularly striking,
since RA can induce pronephric structures in activin-treated ectoderm (Moriya
et al., 1993), and expand pronephros in the embryo (Taira et al., 1994). The
induction of liml by RA may reflect a respecification of the organizer to more
lateral mesoderm, since the pronephros are derived from the ventrolateral
marginal zone (Smith et al., 1985).
There is additional evidence that dorsal mesoderm treated with RA is
lateralized rather than ventralized; ventral mesodermal structures are also
inhibited by RA treatment. Whole embryos treated with RA have a reduction
in ventral mesodermal markers and ventro-posterior mesodermal structures,
such as the tail and ventral blood islands (Ruiz i Altaba and Jessell, 1991a; Sive
and Cheng, 1991). This only occurs in the complex milieu of the intact embryo,
however, since induction of ventro-posterior mesoderm by bFGF is unaffected
by RA treatment (Ruiz i Altaba and Jessell, 1991a). In addition to induction of
pronephric markers by RA (Demartis et al., 1994; Taira et al., 1994), other genes
expressed in the dorsolateral marginal zone are strongly induced by retinoids
(for example: HoxD1 (Chapter 2; Kolm and Sive, 1995a) and gbx2 (von Bubnoff
et al., 1996)).
1.2Biii RA directly alters the anteroposterior pattern of the ectoderm
Although the loss of anterior ectodermally-derived structures in RA-
treated embryos could be simply due to the respecification of dorsal mesoderm,
several lines of evidence suggest that RA can directly posteriorize the ectoderm
as well. Conjugation of early gastrula ectoderm and dorsal mesoderm result in
the induction of cement gland, eye, and anterior brain tissue. These structures
are completely repressed when the ectoderm, but not the mesoderm, is RA-
treated (Durston et al., 1989; Sive et al., 1990; Sive and Cheng, 1991). Local
application of RA to the dorsal anterior ectoderm causes loss of eyes, hatching
gland and to a lesser extent cement gland and olfactory pits (Drysdale and
Crawford, 1994). Similarly, in mid-gastrula dorsal ectoderm RA represses
expression of both cement gland (Sive et al., 1990) and eyes (Durston et al.,
1989). Concomitant with the loss of cement gland marker expression is up
regulation of more posterior neural markers (Sive et al., 1990). Molecularly, in
isolated dorsal ectoderm RA treatment represses expression of both cement
gland markers (Sive et al., 1990) and otx2 (in both frog and mouse; Ang et al.,
1994; Paplopulu et al, 1996)
1.2Biv Retinoids alter the expression of patterning genes
Treatment of embryos with RA represses anterior patterning gene
expression, while expanding the expression domains of posterior patterning
molecules. RA reduces the expression of the anterior marker otx2 in frog,
chick, and mouse embryos (Ang et al., 1994; Bally-Cuif et al., 1995; Pannese et
al., 1995; Simeone et al., 1995). Since otx2 expression in gastrulating embryos is
necessary (Acampora et al., 1995; Ang et al., 1996b) and sufficient (Blitz and
Cho, 1994; Gammill and Sive, 1997; Pannese et al., 1995) for anterior structure
formation, the loss of forebrain structures may be primarily due to reduction of
otx2 expression in the ectoderm. One function of endogenous retinoids may be
to define the posterior boundary of otx2 expression (Ang et al., 1994; Conlon,
1995) . Additionally, RA treatment anteriorizes the expression of Hox genes in
all vertebrates examined (discussed below, reviewed in: Boncinelli et al., 1991;
Conlon, 1995; Maden and Holder, 1992). Hox genes themselves provide
positional information along the posterion A/P axis, from the posterior of the
embryo to the hindbrain (reviewed in: Duboule and Morata, 1994; Hunt and
Krumlauf, 1992; Krumlauf, 1994).
1.2C Vertebrate embryos contain retinoids
The localization of retinoid signaling in the gastrula embryo is
important in determining the function of endogenous retinoids at that time.
In Xenopus the presence of retinoids has been demonstrated by both direct and
indirect detection techniques. Biochemical analysis has indicated that a
number of bioactive retinoid metabolites are present during gastrulation,
although the relative levels of different retinoids in the embryo has been
controversial (Blumberg et al., 1996). Retinoids detected include retinal
(Creech-Kraft et al., 1994a), all trans-retinol (Creech-Kraft et al., 1994a), 4-oxo
retinol (Achkar, et al, 1996; Blumberg et al., 1996), retinoyl f3-glucuronide
(Creech-Kraft et al., 1994a; Creech-Kraft et al., 1994b) , as well as all-trans
(Creech-Kraft et al., 1994b; Durston et al., 1989), 4-oxo (Creech-Kraft et al., 1994a;
Pijnappel et al., 1993), and 9-cis (Creech-Kraft et al., 1994b) retinoic acid.
Localization of retinoid activity has been assayed by the ability of embryonic
tissue to induce RARE-dependent gene expression (Chen et al., 1994). During
gastrulation higher levels of retinoid activity are present in the dorsal
marginal zone than the ventral marginal zone. At early neurula, there
appears to be a gradient of retinoid activity from the posterior to the anterior of
the embryo, consistent with a role for retinoids in the posteriorization of the
embryo.
Mouse, chick and zebrafish embryos have also been shown to contain
retinoids using a variety of techniques including biochemical analysis (Dong
and Zile, 1995; Costaridis et al., 1996; Horton and Maden, 1995; Thaller and
Eichele, 1987; Twal et al., 1995), localization of biosynthetic enzymes (retinoid
specific alcohol and aldehyde dehydrogenases; Ang et al., 1996a; Ang and
Duester, 1997; Marsh-Armstrong et al., 1994; 1995; McCaffrey and Drdiger, 1994)
and retinoid activity (Hogan et al., 1992; Thaller and Eichele, 1988; Wagner et
al., 1990), and activation of RARE-lacZ construct either in transgenic animals
(Balkan et al., 1992; Colbert et al., 1993; Rossant et al., 1991) or in cultured
reporter cells in contact with embryonic tissue (Chen et al., 1992; Colbert et al.,
1993; Wagner et al., 1992). All these different techniques give similar results.
In rodents, retinoids are not detectable until late gastrula (Ang et al.,
1996a; Horton and Maden, 1995; Rossant et al., 1991). At this stage retinoid
activity stretches from the node (organizer equivalent) to the posterior of the
embryo, including the primitive streak (Ang et al., 1996a; Ang and Duester,
1997; Hogan et al., 1992; Rossant et al., 1991). At later stages high levels of
retinoid activity are found in a complex pattern that includes the spinal cord
(Balkan et al., 1992; Colbert et al., 1993; Rossant et al., 1991; Wagner et al., 1992),
with particularly high levels at the sites of limb innervation (Balkan et al.,
1992; McCaffrey and Driger, 1994), eyes, and mesenchyme at the base of the
limb buds (Balkan et al., 1992; Colbert et al., 1993; Rossant et al., 1991).
A variety of retinoids are also found in avian embryos (Dong and Zile,
1995; Thaller and Eichele, 1987). At mid-gastrula, the highest levels of retinoid
activity are found in Hensen's node and caudal regions (Chen et al., 1992;
Wagner et al., 1992). Localization of all trans RA in quail embryos using a
specific antibody showed a similar pattern of expression (Twal et al., 1995). At
later stages high levels of retinoid activity and biosynthesis are found in the
floorplate and limb bud (Thaller and Eichele, 1987, 1988; Wagner et al., 1990;
Wagner et al., 1992).
Zebrafish embryos contain retinoids throughout development
(Costaridis et al., 1996). In late somite stage embryos, retinoid activity is found
all along the dorsal axis, with highest levels in the anterior trunk posterior to
hindbrain (Marsh-Armstrong et al., 1995), and the retina (Marsh-Armstrong et
al., 1994).
The general picture that emerges is that retinoids are localized to the
node/organizer and posterior regions of the embryo by the end of gastrulation,
consistent with a role for retinoids in posterior patterning. Later, expression is
found predominantly in the spinal cord and developing eye. These two phases
of retinoid expression, presumably correlate with different developmental
functions of endogenous retinoids.
1.2D Embryos contain RA-binding proteins and receptors
EarlyXenopus embryos contain the proteins necessary for retinoid
metabolism and signal transduction. Both RARy and RARa are expressed
maternally (Blumberg et al., 1992). Zygotic RARa is predominantly expressed
in neurectoderm and lateral epidermis at early neurula, with the anterior
boundary of expression in the hindbrain (Sharpe, 1992a). Zygotic RARy is
initially expressed during gastrulation, and by early neurula is localized to the
head endomesoderm, the hindbrain region of the neurectoderm, and the
entire posterior region of the embryo (Ellinger-Ziegelbauer and Dreyer, 1991;
Ellinger-Ziegelbauer and Dreyer, 1993). No RAR3 has been isolated from
Xenopus to date, even though it has been proposed as the major transducer of
the teratogenic effects of retinoids in the mouse. There is also maternal RXRa,
RXRP and RXRy expression (Blumberg et al., 1992; Marklew et al., 1994; Sharpe
and Goldstone, 1997). Zygotic RXRf is expressed primarily in the anterior
neurectoderm, spinal cord and neural crest (Marklew et al., 1994; Sharpe and
Goldstone, 1997) .
Retinoic acid-binding proteins are also expressed during early
embryogenesis. Zygotic expression of Xenopus CRABP begins at the onset of
gastrulation, and peaks at mid- to late gastrula. During gastrulation expression
is localized to the dorsal lip and in the dorsal ectoderm. At neurula stages this
becomes two domains of expression, one in the posterior hindbrain and one in
the tailbud region (Dekker et al., 1994; Ho et al., 1994).
1.2E Retinoid signaling is necessary for normal development
1.2Ei Inhibition of retinoid signaling alters Xenopus patterning
Although embryos contain both retinoids and retinoid-binding proteins
while A/P patterning is occurring, the exact role of endogenous retinoids in
this process is unclear. There have been several approaches to this problem in
Xenopus that involve either inhibition of retinoid biosynthesis or signal
transduction.
High levels of the thyroid hormone receptor can block induction of
genes through a RARE, due to sequestering of the commonly shared RXRs
(Barettino et al., 1993). Although thyroid hormone receptor (T3R) is detectable
in early Xenopus embryos by PCR (Banker et al., 1991), there is little or no
functional T3R present (Smith et al., 1994), so that overexpression of T3R
should not result in T3-induced gene expression. High levels of T3R have
minimal effects on embryogenesis, but render the embryo sensitive to T3
treatment (Old et al., 1992), and protect the embryo from the teratogenic effects
of RA (Banker and Eisenman, 1993). Similarly, overexpression of a dominant
negative RARy receptor has little effect on embryogenesis, although it too
reduces the teratogenic effects of RA (Smith et al., 1994), as do dominant
negative RARa receptors. Dominant negative RARa also severely alters CNS
patterning, particularly in the hindbrain (See Chapter 3; Blumberg et al., 1997;
Sharpe and Goldstone, 1997).
Some factors that interfere with retinoid signaling have more profound
effects on embryonic morphology. v-erbA is an oncogenic variant of T3R that
can also block the teratogenic effects of retinoids (Schuh et al., 1993).
Overexpression of v-erbA alters many aspects of development including
shortening of the embryo, bulging of the branchial arches and a reduction of
migrating cranial neural crest, reduction in heart size, and reduced thickness of
neural tissue (Schuh et al., 1993). COUP-TFI is an orphan receptor that also
blocks RAR function. Overexpression of COUP causes anterior truncations,
similar to the effects of RA (Schuh and Kimelman, 1995). Chemical inhibition
of the conversion of retinol to retinoic acid by citral (Schuh et al., 1993), or
RARa activity by the antagonist Ro 41-5253 (L6pez et al., 1995).causes a range
of defects, particularly in the eyes, gut, heart and pharynx.
The different effects of these factors on embryogenesis make the role of
retinoids in Xenopus development difficult to discern. While some factors
(dominant negative RARy and cc, T3R) had little effect on embryonic
morphology, others (Ro 41-5253, v-erbA, citral) caused severe morphological
defects, some of which were reminiscent of RA treatment. Analysis of
dominant negative RARy and T3R-injected embryos with molecular markers
could reveal a subtle alteration in pattern formation. The more severe defects
caused by inhibitors could be due to nonspecific effects of those factors. Taken
together, these experiments suggest that embryonic structures require precise
levels of retinoids for normal development.
1.2Eii Inhibition of retinoid signaling alters development of other vertebrates
Retinoid signaling has also been shown to be necessary in other
vertebrate embryos. In mice, mutations in individual retinoic acid receptors
have little phenotypic effect (Chambon, 1994). However, double mutations in
RARa and RARy produce profound developmental defects, including
alterations in craniofacial patterning, limb, gut and heart formation (Lohnes et
al., 1994; Mendelsohn et al., 1994). Similarly, overexpression of a dominant
negative RARa causes craniofacial defects (Damm et al., 1993). Quails
developing from vitamin A-deficient eggs have abnormal cardiovascular
systems, and deficiencies in the posterior hindbrain (Dersch and Zile, 1993;
Maden, et al., 1996). Finally, in the zebrafish, treatment with the retinal
dehydrogenase inhibitor disulfiram caused a shortened axis with undulating
notochord and floorplate (Costardis, 1996; Marsh-Armstrong et al., 1995).
Retinoid signaling appears to be necessary for the normal development of
structures derived from all three germ layers.
1.3 Hox genes and pattern formation
1.3A Hox genes are regulated by retinoids in vivo and in vitro
The effect of retinoids on pattern formation is due to alterations in gene
expression. Hox genes are a family of RA-inducible genes that provide
positional information along the anteroposterior axis. In vertebrates, they are
located in four paralogous clusters related to the Drosophila Antennapedia and
Bithorax complexes (Figure 1.10). Genes are numbered from 1 - 13, beginning
at the 3' end of a cluster. Within a cluster, the Hox genes are differentially
sensitive to induction by retinoids. Genes at the 5' end of a cluster are either
repressed or are unaffected by RA treatment. Moving 3' within a Hox cluster,
the genes exhibit stronger and more rapid induction by RA (reviewed in
Langston and Gudas, 1994). This position-dependent effect of retinoid
sensitivity has been termed colinearity, and applies to Hox gene induction in
cell culture (Boncinelli et al., 1991; LaRosa and Gudas, 1988a; Papalopulu et al.,
1991b; Simeone et al., 1990; Simeone et al., 1991; Stornaiuolo et al., 1990), as
well as mouse (Conlon and Rossant, 1992), chick (Gaunt and Strachan, 1996)
and frog (Cho et al., 1991; Dekker et al., 1992; Leroy and DeRobertis, 1992;
Papalopulu et al., 1991b) embryos.
The paralogue group 1 genes (HoxAl, HoxB1, HoxD1; related to
Drosophila labial) are induced by retinoids in cell culture in the absence of
protein synthesis (LaRosa and Gudas, 1988a; Simeone et al., 1990; Simeone et
al., 1991; Stornaiuolo et al., 1990). Indeed, retinoic acid-responsive elements
(RAREs) lie 3' to the mouse and human HoxAl (Langston and Gudas, 1992;
Langston et al., 1997) and mouse, human, chick and pufferfish HoxB1 genes
(Langston et al., 1997; Marshall et al., 1994; Ogura and Evans, 1995a, 1995b).
Functional RAREs are required for the early neurectodermal expression of
these genes (Dupe et al., 1997; Frasch et al., 1995; Marshall et al., 1994). Some
Hox genes that lie more 5' within a Hox cluster also have RAREs. These
particular elements require transcription factors in addition to retinoic acid
receptors for activation (For example: Moroni et al., 1993; Pbpperl et al., 1993).
1.3B Hox genes provide positional information along the anteroposterior axis
The correct spatial and temporal expression of Hox genes is necessary for
proper A/P patterning. In Drosophila, Hox gene mutations cause homeotic
transformation in axial structures (Lawrence and Morata, 1994). Similarly,
mutations in Hox genes (Maconochie et al., 1996) or alteration in Hox gene
expression due to RA treatment (Conlon and Rossant, 1992; Kessel, 1992;
Kessel, 1993; Kessel and Gruss, 1991) in mouse embryos alters A/P patterning,
particularly in the vertebrae and hindbrain. It is thought that Hox genes
provide a combinatorial code for axial position. The most anterior Hox genes
are expressed in the hindbrain, while more posterior Hox genes are expressed
in overlapping domains in the spinal cord and paraxial mesoderm (Figure
1.10; Figure 1.11; Arendt and Niibler-Jung, 1996; Holland et al., 1996). The
anterior expression boundaries within a paralogue group are evolutionarily
conserved in all chordates, and are very similar to the Drosophila expression
patterns, suggesting that there is functional conservation as well (reviewed in
Holland and Garcia-Fernandez, 1996).
In addition to colinearity in RA sensitivity, Hox genes are expressed in a
temporally and spatially colinear fashion (reviewed in Duboule and Morata,
1994). Genes at the 3' end of a Hox complex are activated first, followed by the
more 5' Hox genes. Additionally, the 3' Hox genes generally have more
anterior expression boundaries than more 5' genes (Figure 1.11). This results
in anterior Hox genes activated before posterior ones (reviewed in: Duboule,
1994). Recent studies examining the onset of mouse HoxD11 gene expression
when transplanted next to the HoxD13 locus support the idea that the position
of a Hox gene within a cluster determines the onset if its expression (van der
Hoeven et al., 1996).
These data have led to the proposal that activation of 3' Hox genes is
required for expression of the more 5' genes (Duboule, 1994; Langston and
Gudas, 1994). There may be a sequential "opening" of chromatin from the 3' to
the 5' end of a Hox cluster as development progresses. Retinoids would
initiate this process through the conserved paralogue group 1 RARE at the 3'
end of the A and B Hox clusters (Faiella et al., 1994; Langston and Gudas, 1994).
However, a specific mutation in the mouse HoxA cluster RARE ablates the
early expression of HoxAl, but does not significantly alter spatiotemporal
control of the other HoxA genes (Dupe et al., 1997), suggesting that this can not
be a primary mechanism for Hox cluster regulation.
Alternatively, the 3' Hox genes may be required to transcriptionally
activate more 5' genes. There are two lines of evidence that support this idea .
A number of Hox genes have been shown to cross regulate expression of other
Hox genes in cell culture (for example: Arcioni et al., 1992; Zappavigna et al.,
1994) and in embryos (Gould et al., 1997; Tomotsune et al., 1993). Although
Hox gene expression is altered in knockouts of a number of mouse Hox genes,
it is not clear whether this is primary or secondary to the loss of a particular
Hox gene (reviewed in: Maconochie et al., 1996). Consistent with this
hypothesis, antisense ablation of either HoxB1 or HoxB3 expression in cell
culture blocks activation of more 5' genes by retinoic acid (Faiella et al., 1994).
Additionally, Hox genes within a cluster (for example HoxB3 and HoxB4) may
share enhancer elements, forcing the maintenance of cluster integrity (Gould
et al., 1997).
1.3C Are Hox genes regulated by a retinoid gradient?
The correlation between sensitivity to retinoids in tissue culture,
position within a Hox cluster, and anterior expression boundary has led to the
proposal that retinoids form a gradient in the embryo. Low levels of retinoids
would induce the more anterior Hox genes in the embryo, while higher
retinoid levels would turn on the more posterior Hox genes. However, there
is little corroborating evidence for this hypothesis. Retinoid gradients have
not been conclusively demonstrated in any organism; crude dissections could
have misleadingly indicated a Xenopus retinoid gradient (Chen et al., 1994).
Posterior Hox genes not only require higher levels of RA for activation, they
also require long treatment periods (more than a day in some cases! (Boncinelli
et al., 1991; LaRosa and Gudas, 1988a; Papalopulu et al., 1991b; Simeone et al.,
1990; Simeone et al., 1991; Stornaiuolo et al., 1990)). High retinoid
concentrations may be necessary to activate these genes to allow for active
retinoids to be present at the later periods of incubation. In other words,
posterior Hox genes may require continuous exposure to retinoids for long
periods to allow activation via less optimal RAREs.
1.3D Hox genes are transcription factors
The homeodomain of Hox proteins binds DNA (reviewed in: Gehring et
al., 1994b). All Hox protein homeodomains bind a similar enhancer sequence
(Kalionis and O'Farrell, 1993). Specificity in DNA-binding is generated by
heterodimerization with a second homeodomain protein, Pbx. Interaction
with Pbx is mediated by a hexapeptide sequence, immediately N-terminal to
the homeodomain (reviewed in Mann and Chan, 1996). Hox proteins within a
paralogue group bind the same DNA sequence in vitro, even when complexed
with Pbx (Lu and Kamps, 1997), making it unclear whether paralogues regulate
the same targets in vivo.
Hox genes pattern all germ layers of the embryo. Within a particular
cell, Hox genes modulate proliferation (Duboule, 1995), cellular morphology
(Edelman, 1992), and cell adhesion characteristics (Cunningham, 1995;
Newman, 1996). Consistent with these functions, Hox gene targets include
growth factors (bFGF, wingless, decapentaplegic; (Care et al., 1996; Morata,
1993)), cell adhesion molecules (NCAM, LCAM, mgl-1; (Goomer et al., 1994;
Jones et al., 1992; Tomotsune et al., 1993), morphoregulatory genes (tubulin,
connectin (Morata, 1993)), and other transcription factors (TTF-1, teashirt,
empty spiracles, spalt (Guazzi et al., 1994; Morata, 1993)). The precise array of
induced genes depends on the germ layer, as well as the position, of the Hox
gene expressing cell.
1.3E Hox genes pattern the hindbrain
Hox genes play an important role in patterning the hindbrain.
Hindbrain segments, called rhombomeres, are centers of mitotic activity
(Gilland and Baker, 1993; Guthrie, 1995). Once rhombomere boundaries form,
there is no mixing of adjacent rhombomere populations (Guthrie, 1996; Keynes
and Krumlauf, 1994). There are a number of genes expressed in rhombomere-
specific patterns, including Hox genes, Sek-1 kinase, growth factors (FGF3,
follistatin) and retinoic acid receptors (reviewed in: Guthrie, 1996; Lumsden
and Krumlauf, 1996). The expression domains of these genes are conserved in
vertebrates (Figure 1.10), suggesting that the molecular mechanisms of
hindbrain patterning are conserved as well. In Xenopus the expression
domains of HoxB1, Krox-20, Sek-1 and FGF-3 (Bradley et al., 1993; Godsave et
al., 1994; Tannahill et al., 1992; Winning and Sargent, 1994; Xu et al., 1995) are
essentially identical to expression of these genes in the mouse and chick
(Frohman et al., 1990; Guthrie, 1995; Lumsden and Krumlauf, 1996; Sundin
and Eichele, 1990).
The hindbrain region of the neural plate is specified by the end of
gastrulation, when Krox-20 expression is activated in pre-rhombomeres 3 and 5
(Bradley et al., 1993; Guthrie, 1996). Hindbrain patterning remains plastic even
after rhombomere boundaries begin to form, as demonstrated by
respecification of rhombomere identity by transplantation (Grapin-Botton et
al., 1997; Grapin-Botton et al., 1995; Itasaki et al., 1996) or retinoic acid treatment
(Conlon and Rossant, 1992; Gale et al., 1996; Marshall et al., 1992; Morriss-Kay et
al., 1991; Sharpe, 1991; Wood et al., 1994). However, rhombomeres are only
respecified when transplanted from anterior to more posterior regions
(Grapin-Botton et al., 1995; Guthrie et al., 1992; Itasaki et al., 1996; Kuratani and
Eichele, 1993), suggesting that they are responsive to a posteriorizing signal in
the embryo. Rhombomeres transplanted to more anterior CNS regions
display segmental autonomy (Guthrie et al., 1992; Itasaki et al., 1996).
Labial-like Hox genes play a particularly important role in hindbrain
patterning. HoxAl knockout mice have deletions in rhombomeres 4, 5 and 6
(Carpenter et al., 1993; Chisaka et al., 1992; Dolle et al., 1993; Lufkin et al., 1991;
Mark et al., 1993), while HoxB1 knockout mice display abnormal motorneuron
migration from rhombomere 4 (Goddard et al., 1996; Studer et al., 1996).
Consistent with these data, overexpression of HoxAl in the mouse transforms
anterior rhombomeres to a more posterior rhombomere 4-like identity (Zhang
et al., 1994).
1.4 HoxD1, retinoids, and pattern of the posterior neural plate
When I began my work on Xenopus pattern formation there were a
number of unaswered questions that I wished to address. What is the role of
endogenous retinoids in the regulation of Hox genes? What is the function of
endogenous retinoids in patterning the hindbrain and spinal cord? How do
genes that are regulated by retinoids affect pattern formation? In this thesis I
have dissected the roles of retinoids and Hox genes in Xenopus anteroposterior
neurectodermal patterning. In Chapter 2 (published in part as: Kolm and Sive,
1995a), I have characterized the expression patterns and regulation of two
genes, HoxAl and HoxD1, by retinoic acid and mesoderm-inducing factors. As
discussed above, the mouse labial-like Hox genes are direct targets of retinoids.
Both HoxAl and HoxD1 are shown to be directly induced by retinoids in
embryonic tissue. Additionally, the normal expression of HoxD1 is shown to
be dependent on both retinoid signaling, and mesoderm induction. The effect
of retinoids on anteroposterior patterning is explored in more detail in Chapter
3. Experiments in this section show that retinoid signaling is not only
necessary for HoxD1 expression; it is also required for normal hindbrain
patterning. However, a separate set of analyses suggests that neither retinoids
nor FGF are sufficient to function as Nieuwkoop's secondary "transforming"
signal. Finally, the link between HoxD1 expression and pattern formation is
analyzed in Chapter 4. Overexpression of HoxD1 causes the ectopic expression
of hindbrain markers in the ectoderm. HoxD1 function requires a cofactor, Pbx,
for maximal activity. A system of inducible protein function developed for
this overexprssion assay is described in Appendix A (published as Kolm and
Sive, 1995b).
These data allow me to propose a model in which retinoid signaling
from the mesoderm establishes a posterior domain in the dorsolateral
ectoderm of gastrula embryos, that will eventually give rise to the hindbrain
and spinal cord. In contrast to the two-signal model of neural patterning, this
posterior regionalization is not dependent on initial anterior specification. A
marker of this posterior neurectodermal region is HoxD1. HoxD1 function is
limited to the anterior-most portion of its expression domain by Pbx. This
anterior expression domain specifies positional identity within the hindbrain
and adjacent neural crest, helping to give rise to the final anteroposterior
pattern of the CNS. Chapter 5 discusses this hypothesis in detail, especially
with regard to pattern formation in other vertebrate species.
Figure 1.1 Normal Xenopus development.
Key stages of Xenopus development, with the stage number and the hours
post-fertilization at room temperature indicated beneath the drawing (d: day).
Shown are egg (stage 1, ventral view), two-cell (stage 2, ventral view), 48-cell
(stage 6.5, dorsal view), mid-blastula (stage 8, dorsal view) initial gastrula (stage
10, vegetal view), mid-gastrula (stage 11.5, vegetal view), late-gastrula (stage
12.5, posterior-dorsal view), early neurula (st. 14, posterior dorsal view), mid-
neurula (stage 16, posterior dorsal view), late neurula (stage 19, dorsal view),
early tailbud (stage 22, lateral view), tailbud (stage 25, lateral view), hatching
(stage 30, lateral view). All embryos up to stage 30 are drawn to scale. On the
tailbud and hatching stage embryo are indicated the location of major
morphological features: CG (cement gland), FB (forebrain), MB (midbrain), HB
(hindbrain), E (eye), OV (otic vesicle), TB (tailbud), H (heart). Stage 1 through
stage 8 are shown animal pole up, with the view indicated. Stage 10 through
stage 11.5 are shown dorsal side up. Stage 12.5 through stage 19 are shown
anterior side up. Stage 22 through 25 are shown anterior up and dorsal to the
right. Stage 30 is shown anterior to the left and dorsal up. Pictures are adapted
from Nieuwkoop and Faber (1967).
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Figure 1.2 Dorsoventral pattern formation occurs prior to gastrulation.
The Xenopus egg begins with animal-vegetal asymmetry and is otherwise
radially symmetrical. Dorso-ventral asymmetry is introduced by the entry of
the sperm in the animal hemisphere (light grey shading) at fertilization. The
future dorsal lip forms roughly 1800 from the sperm entry point. Fertilization
causes a rotation of the cortical cytoplasm, exposing a dorsalizing activity
(hatching). In the vegetal half of the embryo the dorsalized region becomes the
Nieuwkoop signaling center (bold hatching), while in the dorsal half of the
animal hemisphere there is enhanced responsiveness to inducing signals.
During cleavage stages the Nieuwkoop center induces the formation of the
organizer (vertical closed arrow), while a general mesodermalizing signal
induces ventral-like mesoderm throughout the remainder of the marginal
zone (vertical open arrows). This pattern in the mesoderm is further refined
during blastula and early gastrula stages where a dorsalizing signal from the
organizer (horizontal closed arrow) and a ventralizing signal from the ventral
mesoderm (horizontal open arrow) subdivides the lateral mesoderm into
several types. D: dorsal; V: ventral; o: organizer; DL: dorsolateral mesoderm;
VL: ventrolateral mesoderm; V: ventral mesoderm. Based on Sive (1993).
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Figure 1.3 Neural induction occurs during gastrulation
Diagrams of sagittal sections of Xenopus embryos during gastrulation.
Dorsal is to the right. Before the onset of gastrulation, the embryo is divided
into three germ layers; endoderm (yellow) at the vegetal pole, ectoderm (green)
at the animal pole, and mesoderm (red, orange) at the marginal zone. At this
stage the ectoderm is specified to form epidermis. At initial gastrula (stage
10+), the mesoderm invaginates on the dorsovegetal side of the embryo. As
the dorsal mesoderm (red) passes beneath the ectoderm, there is a series of
inductive interactions between the mesoderm and the overlying and adjacent
ectoderm ( ), as well as in the plane of the ectoderm itself (I ). The dorsal
ectoderm is initially specified as anterior (purple), then is respecified to more
posterior fates (dark blue, light blue). By the end of gastrulation the dorsal
ectoderm has been regionalized along the entire anteroposterior axis. Note
that as gastrulation proceeds, the population of cells that make up the dorsal
lip (organizer) becomes progressively more posterior. D: dorsal, V: ventral,
VM: ventral marginal zone, DM: dorsal marginal zone, 0: organizer; bp:
blastopore, bc: blastocoel, arch: archenteron. Diagram is adapted from Slack
and Tannahill (1992).
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Figure 1.4 Regional gene expression
A. Gene expression in the marginal zone at early gastrula. Top: the marginal
zone has been flattened, with dorsal (D) at the center. The organizer region is
black. Expression boundaries are approximate. Transcription factors include
goosecoid (Cho et al., 1991; Dawid, 1994); otx2 (Blitz and Cho, 1994; Dawid, 1994;
Pannesse, et al., 1995); Siamois (Lemaire et al., 1995); liml (Dawid, 1994; Taira et
al., 1992); XFKH1 (Kn6chel et al., 1992); Xbra (Smith et al., 1991); Vox-1 (Schmidt
et al., 1996); Vent-1 (Gawantka et al., 1995); and PV.1 (Ault et al., 1996). Growth
factors include chordin (Sasai et al., 1994), xnrl (nodal-related factor 1 (Jones et al.,
1995) ), xnr3 (nodal related factor 3 (Smith et al., 1995)); noggin (Smith and
Harland, 1992); follistatin (Hemmati-Brivanlou et al., 1994); xnr2 (nodal related
factor 2 (Jones et al., 1995); eFGF (Isaacs et al., 1992); BMP-4 (Fainsod et al., 1994);
and wnt8 (Christian and Moon, 1993).
B. Diagram of the A/P axis of the ectoderm at early neurula. A: anterior; P:
posterior; CG: cement gland; FB: presumptive forebrain, MB: presumptive
midbrain; HB: presumptive hindbrain; SC: presumptive spinal cord. XCG
(cement gland, Sive et al., 1989); otx2 (Blitz and Cho, 1994; Pannesse, et al., 1995);
en2 (Hemmati-Brivanlou et al., 1991); gbx2 (von Bubnoff et al., 1996); Krox--20
(Bradley et al., 1993); HoxD1 (Kolm and Sive, 1995a; Chapter 2); HoxB9 (Sharpe et
al., 1987).
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Figure 1.5 Models of neural induction and patterning.
Schematic diagrams of early (left) and late (right) gastrula embryos. Dorsal is at
the top and vegetal is to the right. In figures A-C only the dorsal ectoderm and
mesoderm are shown (box).
A. The regional inducer model proposes that regions of the mesoderm produce
qualitatively different signals to induce different structures along the A/P axis.
B.The single inducer model proposes that there is a gradient of a single neural
inducer, with the highest concentration at the posterior. Low concentrations of
this factor would induce anterior neural structures, while high concentrations
would induce posterior neural structures.
C. a. The two signal model proposes an initial "activating" signal ( ) from the
involuting mesoderm that induces anterior neural specification. This is
followed by a "transforming" signal (4), which respecifies the dorsal ectoderm to
more posterior fates. This posteriorizing signal is in a gradient with the highest
concentration at the posterior end. The higher the "transformer" concentration,
the more posterior the neurectodermal fate. bL Ectodermal fold experiment of
Nieuwkoop (1952). Lateral view of an early tailbud embryo, with implanted
ectodermal folds at different A/P positions. Anterior tissue (1) is specified
distally, while more posterior fates (2-4) are proximal to the host neural tube.
Based on diagram in Doniach (1993).
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Figure 1.6 Convergence and extension during gastrulation.
A. The fate map of the neural plate (shown at early neurula, stage 15) at early
gastrula (stage 10+) shows that spinal cord (S) and hindbrain (H) are derived from
lateral ectoderm. Forebrain (F) and midbrain (M) are derived from more medial
regions of the embryo. Adapted from (Keller et al., 1992b).
B. The movement of individual cells was followed from mid-gastrula (stage
11.5) to early neurula (stage 15). Lateral cells converge towards the medial
neural plate; then extend anteriorly and posteriorly. Cells that are initially
dorsal move anteriorly. Adapted from (Keller et al., 1992a).
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Figure 1.7. Retinoid metabolism.
Schematic diagram of retinoid biosynthesis, isomerization and oxidation
(Blaner and Olson, 1994; Gudas, 1994; Morriss-Kay, 1993). All trans retinol,
possibly complexed with cellular retinol-binding protein (CRBP) is converted
to all-trans retinaldehyde (retinal) by alcohol dehydrogenase (Ang et al., 1996a;
Ang and Duester, 1997). Similarly, f-carotene is also converted to all-trans
retinal. In turn, all-trans retinal is converted into all-trans retinoic acid (RA) by
an aldehyde dehydrogenase (Niederreither, et al., 1997; Ang and Duester, 1997).
Disulfiram and citral can inhibit different aldehyde dehydrogenases that are
found in the retina (Hyatt et al, 1996; Marsh-Armstrong et al., 1994) and
developing trunk and spinal cord (Costardis et al., 1996; Marsh-Armstrong et
al., 1995; McCaffery and Driger, 1994; Schuh et al., 1993). All-trans RA can then
either be isomerized into 9-cis RA or 13-cis RA, esterized into retinoyl-p-
glucuronide, or oxidized into 4-oxo-RA. CRABP-I is a cofactor for RA
oxidation. CRABP-II (not shown) is thought to help transport active retinoids
into the nucleus (Morriss-Kay, 1993).
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Figure 1.8 Retinoid activation of gene expression.
A. Retinoic acid receptors (RARs) are members of a large family of nuclear
receptor molecules that form heterodimers with RXRs (reviewed in:
Manglesdorf et al., 1994). An important member of this family is the thyroid
hormone receptor (T3R). B. RAR-RXR or T3R-RXR heterodimers are
maintained in an inactive state by the binding of co-repressors (Co-R; reviewed
in: Schwabe, 1996). C. Binding of the appropriate hormone (all trans retinoic
acid (RA), 9-cis RA, or 4-oxo RA to the RARs; thyroid hormone (T3) to T3Rs)
causes dissociation of the CoRs, followed by association of co-activators (CoA).
D. RAR-RXR dimers bind direct repeats with a space of two or five nucleotides
(retinoic acid responsive element, RARE). T3R-RXR dimers bind direct repeats
with a space of four nucleotides (thyroid hormone responsive element, TRE).
These complexes can then activate transcription via their specific elements.
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Figure 1.9 Teratogenic effect of retinoids on Xenopus embryos
Embryos were treated with increasing doses of all-trans retinoic acid
(RA) beginning at early blastula, and allowed to develop to hatching stage
(stage 35). An untreated embryo is shown at the top. From top to bottom the
embryos show increasingly severe RA effects. At a single dose of RA, embryos
showed a range of phenotypes, so embryos representing different dorsoanterior
index (DAI; Kao and Ellinson, 1989; Sive et al, 1990) values, rather than
different doses of RA, are shown. The DAI for the representative embryos is
shown on the right. The scale ranges from 5, indicating normal development,
to 0, indicating the complete loss of anterior structures. RA-treated embryos
rarely fall into the "0" category.

Figure 1.10 Vertebrate Hox clusters.
The four vertebrate Hox clusters are shown relative to the Drosophila
Antennapedia (ANT-C) and Bithorax (BX-C) complexes (reviewed in:
McGinnis and Krumlauf, 1992). There are 13 paralogue groups in vertebrates.
Group 1 is orthologous to labial, group 2 is orthologous to proboscopedia (pb),
group 3 is orthologous to zerknullt (zen), group 4 is orthologous to deformed
(Dfd), group 5 is orthologous to sex combs reduced (scr), group 6 is orthologous
to antennapedia (Antp), group 7 is orthologous to ultrabithorax (Ubx), group 8
is orthologous to abdominal A (AbdA), and groups 9-13 are orthologous to
abdominal B (AbdB). Genes at the 5' end of a cluster are insensitive to retinoid
treatment. Hox genes become more inducible by retinoids, moving towards
the 3' end of a cluster. Pbx cooperatively binds DNA with Hox proteins from
paralogue groups 1-10 (Mann and Chan, 1996; Shen et al., 1997).
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Figure 1.11 Spatial colinearity in Hox gene expression
This is a schematic diagram comparing Hox gene expression in the mouse and
in Drosophila. Necessarily this is a single "snapshot" of gene expression; Hox
gene expression domains are dynamic. Paralogue group 1 expression in the
mouse is that of HoxB1. Abbreviations are as listed in Figure 1.8. This figure is
adapted from Erwin et al (1997).
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Figure 1.12 Gene expression in the vertebrate hindbrain.
The domains of genes with discrete rhombomere boundaries in mouse
embryos are shown. This pattern of gene expression is essentially conserved in
all vertebrates examined (see the text for more details). A: anterior, P: posterior.
r2-6: rhombomeres 2-6. Black lines indicate strong expression, gray lines
indicate weaker expression. Adapted from Lumsden and Krumlauf (1996).
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Chapter 2: Expression and regulation of Xenopus labial Hox genes
(published in part as Kolm and Sive, 1994; Kolm and Sive, 1995a)
2.1 Introduction
Hox genes encode homeodomain-containing proteins that provide
positional information along the anteroposterior (A/P) axis of both vertebrates and
invertebrates. In all vertebrates, Hox genes are found in four homologous clusters,
each related to the Antennapedia (ANT-C) and Bithorax (BX-C) homeotic gene
complexes of Drosophila (reviewed by McGinnis and Krumlauf, 1992). Both ectopic
expression and inactivation of Hox genes in the mouse can alter axial patterning
(reviewed by Krumlauf, 1993b). Despite the importance of Hox genes to normal
development, little is known about the regulation of these genes during vertebrate
embryogenesis.
The vitamin A derivative retinoic acid (RA) is a potent inducer of Hox gene
expression. RA has been shown to alter both the level and pattern of Hox gene
expression in tissue culture (reviewed in Boncinelli et al., 1991) and in mouse,
chicken and frog embryos (reviewed in Hunt and Krumlauf, 1992; Krumlauf, 1993a;
and Slack and Tannahill, 1992). Exogenous RA causes severe embryonic defects in
all vertebrates examined, including homeotic transformations of vertebrae (Kessel,
1992; Kessel and Gruss, 1991) and hindbrain malformations (Conlon and Rossant,
1992; Holder and Hill, 1991; Kessel, 1993; Marshall et al., 1992; Papalopulu et al.,
1991a). These malformations are accompanied by temporal and spatial changes in
Hox gene expression. Additionally, retinoids applied to Xenopus embryos cause
loss of extreme anterior structures including the cement gland, eyes and forebrain
(Durston et al., 1989; Ruiz i Altaba and Jessell, 1991; Sive et al., 1990). These
observations have led to the proposal that endogenous retinoids may be involved
in patterning the anteroposterior axis in vertebrates, at least in part, through
activation of Hox genes in a temporally and spatially appropriate fashion.
Genes in the 3'-most position of each vertebrate Hox cluster (HoxAl,
HoxB1, HoxD1) are related to Drosophila labial (Diederich et al., 1989; Mlodzik
et al., 1988). These genes are more rapidly induced by RA than are more 5'
genes (reviewed by Graham et al., 1989; Krumlauf, 1993a). Like Drosophila
labial (Finkelstein and Perrimon, 1991), mouse HoxAl and HoxB1 play a role
in head development , since mutations in these genes cause defects in
hindbrain formation (Carpenter et al., 1993; Chisaka et al., 1992; Goddard et al.,
1996; Lufkin et al., 1991; Mark et al., 1993; Studer et al., 1996). Unlike other
vertebrate labial genes, mouse HoxD1 is expressed in posterior mesoderm and
extraembryonic tissues (Frohman and Martin, 1992). In tissue culture, both
mouse and human labial-like Hox genes are induced by RA in the absence of
protein synthesis (LaRosa and Gudas, 1988a; Simeone et al., 1991). A retinoic
acid responsive element (RARE) has been identified proximal to the mouse
HoxAl gene (Langston and Gudas, 1992; Langston et al., 1997) and HoxB1 gene
(Langston et al., 1997; Marshall et al., 1994), suggesting that retinoids directly
activate this class of Hox genes. Other factors that may regulate vertebrate
labial-like Hox gene expression have not been identified.
Two Xenopus labial-type Hox genes, HoxAl and HoxD1, were isolated from a
gastrula library and shown to be induced by addition of retinoic acid to whole
embryos (Sive and Cheng, 1991). Here HoxAl and HoxD1 clones are further
characterized. The spatial and temporal pattern of HoxAl and HoxD1 RNA
expression in normal and retinoic acid-treated embryos is examined by whole-
mount in situ hybridization. Additionally, the factors that can induce HoxAl and
HoxD1 in isolated embryonic tissue are characterized, and evidence indicating that
both retinoids and peptide factors may mediate the normal induction of these genes
is presented. Finally, a potential source of endogenous inducing signals,
dorsolateral mesoderm, is shown to induce HoxD1 in naive ectoderm.
2.2 Results
2.2A Characterization of HoxAl and HoxD1 protein sequence
There are orthologs of the Drosophila labial gene in three of the four
vertebrate Hox clusters (HoxAl, HoxB1, and HoxD1 (Scott, 1992)). The protein
sequence of these paralogues is highly conserved within both the homeodomain
and a second conserved domain (the "labial" domain) found immediately N-
terminal to the homeodomain in vertebrates and 87 amino acids upstream of the
homeodomain in Drosophila (Biirglin, 1994; Diederich et al., 1989; Mlodzik et al.,
1988). Additionally, there are 7 conserved amino acids at the N-terminus (Figure
2.1A, B). Outside of these homologous regions, different paralogues have little
sequence identity with each other or Drosophila labial (reviewed in:(Biirglin, 1994;
Gehring et al., 1994a)). The paralogue group of a labial Hox protein can be identified
both by paralogue-specific amino acids in the "labial" and homeodomains (Figure
2.1C), as well as stretches of sequence similarity outside of these regions (Figure
2.1A, B).
Two Xenopus labial orthologs, Xhox.lab2 and Xhox.labl, were isolated from
a mid-gastrula (stage 11) cDNA library. (Sive and Cheng, 1991). A full-length clone
of Xhox.labl was isolated and classified as Xenopus HoxD1 (using the Hox gene
nomenclature of Scott, 1992; Figure 2.1A, C). The sequence is essentially identical to
that reported by Blumberg et al., 1991. Xenopus, mouse, and human HoxD1
homeodomains are extremely similar, as are the mouse and Xenopus "labial"
domains (Figure 2.1 A,C; Frohman and Martin, 1992; Hunt et al., 1991; Kappen et al.,
1993; Nazarali et al., 1992; Stornaiuolo et al., 1990). Assignment of the zebrafish
HoxD1 homeodomain sequence to this group is tentative, based on the few HoxD1-
specific amino acids in the homeodomain (Misof et al., 1996). Outside of the
homeodomain and "labial" domain there is little sequence similarity between
mouse and Xenopus HoxD1. Since there is only one other full-length HoxD1
sequence reported, is not known whether there is typically low sequence identity
between orthologous HoxD1 sequences, or if Xenopus HoxD1 is particularly
divergent. Divergence could be due to the pseudotetraploid nature of the Xenopus
genome, in which there are two sets of Hox clusters (Fritz et al, 1989; Kobel and
DuPasquier, 1986).
Similar analysis of the Xhox.lab2 partial clone indicates that it is the Xenopus
HoxAl orthologue (Figure 2.1B, C). HoxAl is highly conserved throughout its
protein sequence with mammalian HoxAl genes (Figure 2.1B,C; (Baron et al., 1987;
Chariot et al., 1995; Hong et al., 1995; LaRosa and Gudas, 1988a; Simeone et al.,
1991)). A sequence recently reported as zebrafish HoxAl has no significant identity
with the Xenopus, mouse, rat or human protein sequence (Figure 2.1C, Dr
"HOXAl"; Alexandre et al., 1996). A second zebrafish homeodomain sequence has
been isolated (Figure 2.1C, Dr HoxAl) that is more similar to the other vertebrate
HoxAl sequences (Misof et al., 1996). Two HoxAl-like sequences have also been
isolated from the killifish (Fh HoxAl and Fox-1) suggesting that there may typically
be two HoxAl-like genes in teleosts (Misof and Wagner, 1996). Since the cDNA
clone we have analyzed encodes a homeodomain-containing protein, it is not
known whether Xenopus has a second, alternatively spliced, form that does not
encode a homeodomain as has been reported for human, rat and mouse HoxAl
(Chariot et al., 1995; Hong et al., 1995; LaRosa and Gudas, 1988b).
2.2B HoxAl expression is dynamic
We determined the pattern of HoxAl and HoxD1 expression by whole-
mount in situ hybridization (Harland, 1991). By Northern analysis, HoxAl
expression is first detected in the late gastrula (stage 12.5), plateaus in early neurula
(stage 14), and is maintained through hatching stages (stage 35) (Sive and Cheng,
1991). In neurula embryos (stage 15-18), HoxAl was expressed around the entire
dorsoventral circumference of the embryo, with a higher level of expression along
the dorsal midline (Figure 2.2 A-D). Midline expression is internal (compare Figure
2.2 C to D) in the presumptive spinal cord. At early neurula (stage 13) the anterior
boundary of the weak HoxAl staining is posterior to the single Krox20 presumptive
rhombomere 3 band (Bradley et al., 1993; Figure 2.2 I). Similarly, in mid neurula
embryos the anterior boundary of HoxAl lies coincident with the presumptive
rhombomere 5 Krox20 band. Thus, the anterior limit of expression during neurula
stages is at the rhombomere 4/5 boundary (Figure 2.2 I, J).
In tailbud embryos (stage 24, Figure 2.2 E), weak expression remained in the
anterior circumferential band; however when compared to the otic vesicle (adjacent
to rhombomere 4), the anterior boundary of this expression was determined to
have shifted into the anterior hindbrain. Ventral expression was highest in the
region of the heart anlage (Keller, 1975, 1976; Hausen and Riebesell, 1992). A higher
level of expression was localized to ventral spinal cord, extending anteriorly to the
posterior of the circumferential band of expression (Figure 2.2 E, G). At hatching
stages (stage 30, Figure 2.2 F, H), HoxAl mRNA was localized to three regions on
either side of the head corresponding to the endolymphatic duct of the ear anlage
(Nieuwkoop and Faber, 1967), rhombomere 1 in the hindbrain and the posterior
midbrain. Additionally, these clusters of cells lie in the correct positions to
correspond to ocular motorneurons (Gilland and Baker, 1993; Papalopulu et al.,
1991a, B. Fritzsch personal communication). Expression was assigned to the
midbrain on the basis of morphology and location relative to engrailed staining
(Figure 2.2 H, inset; B. Fritzsch, personal communication; Hemmati-Brivanlou et
al., 1991).
2.2C HoxD1 expression defines a novel posterior domain
By Northern analysis HoxD1 RNA is weakly detectable at stage 10.5 (early
gastrula), peaks by stage 13 (late gastrula), then begins to decline in mid-neurula
stages reaching undetectable levels by stage 35 (hatching) embryos (Sive and Cheng,
1991). In early-gastrula embryos (stage 10.5-11) HoxD1 was expressed predominantly
dorsolaterally in the non-involuting marginal zone (ectoderm, including the future
spinal cord), with a gap at the dorsal midline (Figure 2.3A, I). This gap includes the
future floorplate of the neural tube. A narrower band of expression was found on
the ventral side of the embryo (Fig 2.3E). Dorsolateral expression is maintained
throughout gastrulation, with a narrowing of the dorsal gap (Figure 2.3 B,C,F,G, J).
Ventral expression decreased during gastrulation to extremely low levels in the
neurula (stage 15), where expression was predominantly restricted to dorsal and
lateral posterior regions (Figure 2.3 D, H). At this stage the dorsal gap had
narrowed considerably, but was still present.
The lateral extent of HoxD1 expression at early neurula was determined by
double whole-mount in situ hybridization with HoxD1 (purple) and the cytokeratin
XK81 (light blue). XK81 (Jonas et al., 1985), is expressed in the epithelial layer of the
embryo in the presumptive epidermis, and is entirely absent from the neural plate.
HoxD1 expression extends more laterally than the boundary of the neural plate,
into presumptive epidermis (Fig 2.3K). At early neurula stages the anterior limit of
expression lay at the rhombomere 4/5 boundary in the presumptive hindbrain,
overlapping the stripe of Krox-20 staining in presumptive rhombomere 5 (Bradley
et al., 1993). In tailbud embryos, weak HoxD1 expression was seen in the inter-
somitic fissures (data not shown). Although HoxD1 was independently isolated
from a Xenopus dorsal lip library (Blumberg et al., 1991), we detected only very low
levels of expression at the dorsal blastopore lip of early gastrula.
2.2D HoxD1 is expressed primarily in ectoderm
Hox genes are expressed in defined regions along the A/P axis, in multiple
germ layers. Expression of HoxD1 was further analyzed by comparison to genes
expressed in well-defined domains in either the ectoderm or the mesoderm. In
blastula embryos, Xenopus brachyury (Xbra, (Smith et al., 1991)) expression is
restricted to the marginal zone, defining the mesoderm. As gastrulation proceeds,
expression is maintained a ring around the blastopore. A second expression
domain is found in the elongating notochord beginning at late gastrula (stage 12.5).
Double whole mount in situ hybridization of Xbra (purple) and HoxD1 (light blue)
at mid-gastrula (Figure 2.4 A, panels a,b) shows that most of the HoxD1 expression
domain lies outside of the mesodermal ring of Xbra expression. At early neurula,
expression of HoxD1 does not extend as far anteriorly as the anterior limit of the
notochord (which lies under the midbrain, Figure 2.4 A, panel c).
At early neurula, muscle-specific actin (MSA, (Gurdon et al., 1985)) is
restricted to the developing somitic mesoderm (Figure 2.4 B, panels b,d).
Transverse and sagittal sections show that HoxD1 is predominantly expressed in the
ectoderm (Figure 2.4, panels a, c), while MSA is expressed exclusively in the
mesoderm (Figure 2.4 B, panels b, d). Additionally, HoxD1 expression extends
further laterally than the somites at this stage, consistent with the double staining
results with XK81. Taken together these data show that HoxD1 defines a novel
domain in the posterior dorsal region of the embryo, primarily in the ectoderm
(both neural plate and epidermis), with an anterior boundary lying near the
posterior hindbrain at the beginning of neurulation.
To quantitate expression of HoxD1 RNAs in ectoderm relative to mesoderm,
the posterodorsal region of late gastrula/early neurula embryos (stage 12.5-13) was
isolated as shown in Figure 2.4C, and separated into ectoderm and mesendodermal
layers. As assayed by Northern hybridization, both HoxAl and HoxD1 RNAs were
present in both ectoderm and mesendoderm. HoxAl RNA levels were not
maximal at this time; expression was not detectable by in situ hybridization until
stage 14. Both RNAs were present in at least two-fold higher levels in the ectoderm
than in the mesendoderm.
2.2E Retinoic acid alters the spatial pattern of HoxAl and HoxD1 RNA expression
We previously showed that RA could induce HoxAl and HoxD1 in Xenopus
gastrula and neurula embryos (Sive and Cheng, 1991). To further characterize this
induction, the expression patterns of HoxAl and HoxD1 induced by RA were
examined by whole mount in situ hybridization. Embryos were treated
continuously with 1 RM all-trans retinoic acid (RA) from mid-blastula stages.
HoxAl and HoxD1 RNAs were induced throughout the mesendoderm and
ectoderm of gastrula (stage 11) embryos (Figure 2.5 A, D). This induction of HoxAl
was many hours before the normal onset of expression. Although expression of
HoxAl was observed throughout the ectoderm and mesoderm, higher levels were
seen in the ventral and lateral marginal zone (Figure 2.5A, and not shown). This
was most readily observed when embryos were stained for the minimum interval
necessary to see expression. By early neurula (stage 14 - 16) RA had expanded both
HoxAl and HoxD1 expression anteriorly around the dorsoventral circumference of
much of the embryo, but with exclusion from extreme anterior regions including
the presumptive forebrain and cement gland (Figure 2.5 B,E).
In order to examine the induction pattern in tailbud embryos (stages 22-30)
without the severe anterior malformations that arise after an earlier RA treatment
(Durston et al., 1989, Sive et al., 1990), embryos were treated with retinoic acid for 3
hours immediately before collection. With this protocol, in early and late tailbud
embryos (stage 22 and 29), HoxAl RNA levels increased in the normal regions of
expression with additional induction in the ventral neural tube, particularly in the
hindbrain (Figure 2.5 C, G). In early tailbud embryos (stage 22) HoxD1 was induced
in ectoderm overlying the anterior spinal cord and brain, reaching as far anterior as
the midbrain, based on comparison to engrailed-stained embryos (Figure 3F, and
data not shown). This is reminiscent of the ectopic domain of HoxB1 induced by
RA in mouse embryos (Marshall, et al., 1992; Morriss-Kay et al., 1991). There was a
gap in this anterior expression pattern dorsal to the otic vesicle (rhombomere 4). At
this stage weak expression was also seen in the developing tailbud (Figure 3F). In
later tailbud embryos (stage 28) high levels of HoxD1 expression were induced in
inter-somitic fissures (Danker et al., 1992), in a region overlying the anterior spinal
cord, branchial arches, notochord, and the tailbud (Figure 3H).
These data showed that in early gastrulae, both HoxA1 and HoxD1 were
strongly induced by RA in all ectodermal and mesendodermal regions of the
embryo, many hours before the normal onset of HoxAl expression. Indeed, HoxAl
and HoxD1 could be induced by RA soon after the mid-blastula transition (Figure
2.6 B, lanes 1 and 7). However, at later stages, RA induced expression of these genes
in strikingly different, restricted regions. The anterior boundary of HoxAl and
HoxD1 expression in RA treated embryos was shifted anteriorly, consistent with
RA-induced posteriorization and loss of anterior structures.
2.2F HoxAl and HoxD1 induction is temporally regulated in isolated ectoderm
We wished to determine whether isolated ectoderm was able to respond to
RA and express HoxAl and HoxD1. Animal caps were isolated at mid-blastula
(stage 8), allowed to age in vitro for various lengths of time in the absence of RA,
and then treated with RA for 3 hours before harvest (Figure 2.6A). As assayed by
Northern hybridization, caps developed the ability to express high levels of HoxAl
and HoxD1 in response to RA at the same time as did intact sibling embryos (Figure
2.6B). As the caps aged, the absolute amount of HoxD1 RNA induced waned, in
parallel with a similar decline in inducibility in whole animals (Figure 2.6A, B;
lanes 10-12). However, the maximal level of HoxD1 RNA induced in animal caps
relative to that induced in whole embryos was lower than the maximal amount of
induced HoxAl RNA (Compare Figs. 2.6A and B, lanes 7-12).
Surprisingly, as untreated caps aged, high levels of HoxAl RNA accumulated
in the absence of added RA (Figure 2.6A, lanes 1-6). In contrast, HoxD1 RNA levels
remained very low in untreated animal caps. These data showed that isolated
ectoderm autonomously acquired the ability to respond to exogenous retinoic acid
to express HoxAl and HoxD1, as well as to activate HoxAl expression in the absence
of added RA. It then subsequently lost the ability to maximally express HoxD1, but
not HoxAl.
2.2G HoxAl and HoxD1 are induced as an immediate early response to RA
The induction of vertebrate labial Hox genes in tissue culture cells by RA is
protein synthesis-independent (Boncinelli et al., 1991, LaRosa and Gudas, 1988a;
Simeone et al., 1991). We wished to determine whether this was also true for
HoxAl and HoxD1 in embryonic tissue. Isolated mesoderm (dorsal marginal zone;
organizer) and ectoderm (animal cap) from early gastrula embryos was treated with
RA for 1.5 hours in the presence or absence of the protein synthesis inhibitor
cycloheximide (Figure 2.7). Both genes were induced to similar levels following RA
treatment in the presence or absence of cycloheximide. After this short RA
treatment, expression in animal caps was lower than that in dorsal marginal zone;
after longer treatments this difference was not seen (data not shown).
2.2H Thyroid hormone receptor inhibits RA induction of HoxD1 in animal caps
The immediate early response of HoxAl and HoxD1 to retinoic acid
suggested that their induction was dependent upon retinoid receptors. To address
this point, we exploited the properties of the thyroid hormone receptor, c-erbA. c-
erbA can prevent induction of gene expression by RA, apparently by sequestering
the retinoid X receptors (RXRs) that are necessary to form an active retinoid or
thyroid hormone receptor moiety (Barettino et al., 1993; Banker and Eisenman, 1993
(Lucas and Granner, 1992)). c-erbA overexpression is unlikely to directly effect early
development, since Xenopus embryos contain very low levels of thyroid hormone
receptor (Banker, et al., 1991) and ligand (T3; Baker and Tata, 1990; Old et al., 1992).
We asked whether chicken c-erbA was able to repress induction of HoxD1 by
RA in animal caps. Both blastomeres of a two-cell embryo were microinjected with
c-erbA mRNA, animal caps were isolated at mid-blastula and treated with RA alone
or with RA plus thyroid hormone (triiodothyronine, T3). As shown in Figure 2.8B,
c-erbA prevented the induction of HoxD1 by RA (lanes 4,5). Application of T3
together with RA led to expression of HoxD1 in c-erbA injected animal caps (lane 6).
Since T3 alone also led to HoxD1 induction after c-erbA injection (data not shown),
we attributed these results to activation of HoxD1 by c-erbA/T3 complexes. These
data showed that induction of HoxD1) by exogenous RA could be prevented by
misexpression of the thyroid hormone receptor.
We used v-erbA, a retroviral derivative of c-erbA, in a similar assay (Figure
2.8, lanes 7-9). In tissue culture, v-erbA can prevent induction by RA, but weakly
and only from restricted promoter elements (Barettino et al., 1993; Privalsky, 1988).
Consistent with the tissue culture data, we saw that v-erbA only weakly suppressed
induction of HoxD1 (less than two-fold) in animal caps. Similarly, Schuh et al.
(1993) showed that v-erbA partially reduced induction by RA of the homeodomain
gene Xlim-1 (Taira et al., 1992). While these data supported different mechanisms
of c-erbA and v-erbA action, it is possible that higher levels of c-erbA than v-erbA
protein were present after misexpression in embryos.
2.21 HoxD1 is induced as a secondary response to activin and bFGF
The lower level of HoxD1 mRNA induced by RA in animal caps compared to
that induced in whole embryos suggested that maximal induction of this gene
required accessory factors present in whole embryos. We therefore examined the
ability of several protein factors to induce HoxAl and HoxD1 in animal caps. The
most striking results were obtained with activin A and basic fibroblast growth factor
(bFGF). Four hours after treatment of animal caps with either activin or bFGF
(when control embryos had reached stage 10.5) neither HoxAl nor HoxD1 RNA had
accumulated (Figure 2.9A,B, lanes 1-4). Nine hours after bFGF was applied (when
control embryos had reached stage 13), HoxAl was induced to only very low levels,
but HoxD1 was strongly induced (Figure 2.9A, lanes 5-8). Activin elicited no HoxAl
induction, while strong HoxD1 induction was seen nine hours after treatment
began (Figure 2.9B). The levels of HoxD1 RNA induced by these factors were similar
to those induced by RA alone. RA treatment had an additive effect on HoxD1
induction by bFGF or activin A (Figure 2.9A,B; lanes 6-8). Longer incubations (to
tailbud equivalent stages) in either bFGF or activin A failed to induce HoxAl (data
not shown). Interestingly, we observed that RA inhibited induction of the control
gene brachyury (Xbra) by activin A and bFGF (Figure 2.9A,B; compare lane 3 to lane
4 and lane 7 to lane 8). This was consistent with the observation that RA
suppressed Xbra expression in whole embryos (data not shown, and Tadano et al.,
1993). These assays demonstrated that bFGF and activin were able to strongly
induce HoxD1, but not HoxAl, in blastula stage animal caps.
2.2J Expression of dominant-negative receptors implicate retinoids, activin and
bFGF in HoxD1 induction in embryos
Although RA, activin A, and bFGF induced HoxD1 in vitro, the role of these
factors in normal HoxD1 regulation was unclear. We examined the role of these
signaling molecules in whole embryos by introducing mRNAs encoding dominant-
negative receptors. These mRNAs were injected into one cell of a two-cell embryo,
together with small amounts of f-galactosidase (P-gal) mRNA to trace the maximal
region of dominant-negative receptor mRNA localization. At early neurula (stage
13), embryos were stained for both P-gal activity and endogenous HoxD1 RNA by
whole mount in situ hybridization. The embryonic region that had not received
exogenous RNA served as an internal control (Figure 2.10 A).
For ablation of endogenous retinoid signaling, we used c-erbA mRNA that
was able to completely prevent induction of HoxD1 by high levels of exogenous RA
in animal caps (see Figure 2.8). In the majority of embryos (82%), endogenous
HoxD1 expression was prevented when c-erbA RNA was present in the normal
domain of HoxD1 expression (as judged by expression of P-gal; Figure 2.10D and
2.11A). In 9% of embryos, a small amount of HoxD1 RNA remained (5 - 10% of
levels on the uninjected side), suggesting that the c-erbA concentration may have
been below some required threshold in certain regions. 18% of embryos had normal
HoxD1 RNA expression even though 3-galactosidase staining overlapped with the
HoxD1 expression domain (see Fig 2.11A, column IV). However one third of these
(6% of total) displayed 3-galactosidase staining laterally, such that the overlap
between P-galactosidase and HoxD1 staining was slight, and the effect of c-erbA
overexpression was difficult to assess. In the remaining embryos (12% of total), it is
possible that levels of c-erbA were too low to elicit an effect. Expression of the
general mesoderm marker Xbra was not significantly affected by c-erbA (Figure 2.10
C). These data showed that c-erbA could substantially prevent expression of
endogenous HoxD1.
We also tested dominant-negative FGF (XFD) and activin receptor (XARA)
mRNAs (Amaya et al., 1991, 1993; Hemmati-Brivanlou and Melton, 1992) for their
ability to perturb HoxD1 expression. In more than 80% of embryos where XFD or
XARA RNAs overlapped with the normal HoxD1 expression domain (as judged by
P-gal staining), no HoxD1 expression was present (Figure 2.10 F, H; Figure 2.11 A).
As for c-erbA, in 15-19% of embryos a small amount of HoxD1 expression remained
(Figure 2.11 A). As previously described, these constructs inhibited Xbra expression
and also perturbed gastrulation (Amaya et al., 1991, 1993; Hemmati-Brivanlou and
Melton, 1992; Figure 2.10 E,G). Our results indicated that both activin and bFGF are
required for the normal expression of HoxD1 (but see discussion).
2.2K Expression of dominant-negative receptors must occur early in development
to ablate HoxD1 expression.
Although these data implicated both retinoids and peptide growth factors in
the regulation of HoxD1 expression, the period of action of these factors was
unclear. To address this question RNA was injected into a single cell at the 32-cell
stage.. To ensure overlap with HoxD1 expression, injections were carried out
primarily in the B-tier, with some injections in the A-tier. B-tier cell derivatives
are fated to become both posterior ectoderm and mesoderm (Dale and Slack, 1987a;
Moody, 1987). Dominant-negative receptors expressed at this stage are less effective
than when expressed at the two-cell stage (compare Figure 2.11 B, C). In c-erbA
injected embryos, the percentage of embryos with normal HoxD1 expression under
P-gal staining was slightly increased (from 18% to 31%). In an additional number of
embryos (23%), HoxD1 expression was only ablated from small region of the P-gal
stained area. This decrease in efficacy might be due either to the later expression of
the receptor, or to the reduced area of overexpression.
The difference in the effect of the dominant-negative activin and FGF
receptors is more striking. At the two-cell stage, these receptors completely ablated
HoxD1 expression, while at the 32-cell stage expression was normal in 43% of the
XARA injected embryos and 13% of the XFD injected embryos. Significantly, Xbra
expression was also less affected by injection at this stage; 30% of the XARA and 8%
of the XFD injected embryos had normal expression (Figure 2.11 B,C). Mesoderm
induction is occurring at the 32-cell stage (Dale and Slack, 1987b; Jones and
Woodland, 1987), so that the dominant-negative receptors which normally block
mesoderm induction may not expressed to high enough levels in time to block
Xbra induction (and mesoderm formation). Consistant with this, more embryos
gastrulate normally when injected with these receptors at the 32-cell stage rather
than the 2-cell stage (when injected at the 32-cell stage XARA-injected: 38%
abnormally gastrulated, for XFD-injected 56% abnormally gastrulated. At the 2-cell
stage for both receptors nearly 100% gastrulated abnormally when injected ).
These data are consistant with a requirement for the retinoid signaling
pathway in HoxD1 expression. This signal is apparently active after the 32-cell
stage. In addition, HoxD1 requires signals from peptide growth factors such as
FGF or activin, particularly during the period of mesoderm induction. Further
experiments will determine the precise source and nature of the HoxD1
inducing signals in the embryo.
2.3 Discussion
Two members of the labial-Hox gene family, HoxAl and HoxB1, have been
shown to be involved in the early A/P patterning of the mouse embryo. Deletion
of HoxAl leads to ear and hindbrain defects (Carpenter et al., 1993; Chisaka et al.,
1992; Lufkin et al., 1991; Mark et al., 1993), while mutation of HoxB1 causes
abnormal motorneuron migration (Goddard et al., 1996; Studer, et al., 1996). By
analogy to this phenotype, as well as the phenotype of labial mutants in Drosophila
(reviewed in: Diederich et al., 1991), it is likely that other labial homologues play
key roles in axial patterning. Despite their important role in embryogenesis, little is
known about the regulation of their expression. We have analyzed the expression
and regulation of two labial-family Hox genes, HoxAl and HoxD1, during Xenopus
embryogenesis. These genes display novel patterns of expression that are
significantly different from those of their murine counterparts and are induced by a
complex array of factors, distinct for each gene.
2.3Alabial-like Hox genes are highly conserved
The Hox genes in paralogue group 1, orthologues of Drosophila labial, are
highly similar at the amino acid level. Even so, the sequences fall into three
distinct paralogue groups in vertebrates, HoxAl, HoxB1 and HoxD1. The exception
may be the teleosts (including zebrafish) which appear to have four labial-like genes
(Alexandre et al., 1996; Holland and Garcia-Fernandez, 1996; Misof et al., 1996). All
of these genes are highly conserved both within the homeodomain and in the
sequence immediately preceding the homeodomain, the so-called "labial domain".
Outside of these regions, all the labial Hox genes share a 7 amino acid conserved
domain at the N-terminus, a serine and glutamate rich C-terminus, in addition to a
conseved intron in the middle of the "labial domain" (Biirglin, 1994; Gehring et al.,
1994a). While the homeodomain primarily mediates DNA binding and the "labial
domain", in conjunction with the N-terminus of the homeodomain, mediates
protein-protein interactions (Bfirglin, 1994; Chang et al., 1995; Gehring et al., 1994a;
Phelan and Featherstone, 1997), it is unclear what the conservation at the N- and C-
termini signify. Deletion of large portions of the N-terminal domain in other Hox
proteins reduces the ability to transactivate gene expression (Rambaldi et al., 1994;
Zhao et al., 1996). However, sequence conservation may be merely reflective of a
common evolutionary origin. Outside of these regions, sequences within a
paralogue group (for example mouse and Xenopus HoxAl) have significant
stretches of conserved amino acids (Figure 2.1B).
2.3BXenopus and mouse labial Hox genes have distinct patterns of expression
HoxAl RNA was present around the circumference of neurula stage
embryos, with highest expression in anterior spinal cord, posterior hindbrain and
in the region of the heart anlage. By tailbud, high RNA levels were also seen in the
posterior midbrain,-rhombomere 1 of the hindbrain and the endolymphatic duct of
the ear anlage. Mouse HoxA1 is expressed in similar domains at late gastrula and
early neurula stages (Duboule and Doll6, 1989; Frohman et al., 1990; Murphy and
Hill, 1991; Sundin et al., 1990).
The late expression of Xenopus HoxAl in the midbrain is unprecedented,
since no other Hox gene examined in any species is expressed anterior to the
hindbrain (Hunt and Krumlauf, 1992). By E9.0 mouse HoxAl expression recedes
posterior to the hindbrain and adjacent structures (Murphy and Hill, 1991). Many
Hox genes have early and late domains of expression that are controlled by distinct
enhancer elements (for example: HoxB1 (Marshall et al., 1994; Pbpperl et al., 1995)).
Although the late domain of HoxAl expression differs in the mouse and Xenopus,
the early expression domains are very similar. It may be the early expression
domain that sets up the axial pattern. Consistant with this, knockouts of mouse
HoxAl have deficiencies in inner ear development (along with hindbrain defects),
perhaps reflecting a conservation of early function that is maintained in older
Xenopus embryos (reviewed in: Maconochie et al., 1996).
By mid-gastrula, Xenopus HoxD1 was predominantly expressed in
dorsolateral and ventral ectoderm. No RNA was observed on the extreme dorsal
aspect of the embryo, including the presumptive floor plate of the spinal cord. As
gastrulation proceeded, the gap in dorsal expression narrowed and ventral
expression decreased. It was not clear whether the decrease in ventral expression
resulted from a movement of ventral cells or active suppression of HoxD1 gene
expression. By early neurula, expression is localized to the posterior neural plate
and lateral epidermis, with a low level of expression in the underlying mesoderm.
This novel expression domain indicated that by mid-gastrula the ectoderm had
acquired complex spatial information, with HoxD1 expression one of the earliest
markers of posterior ectodermal patterning. Similar to Xenopus, mouse HoxD1
expression is primarily posterior and lateral. However, mouse HoxD1 is restricted
to the mesoderm and extraembryonic tissues (Frohman and Martin, 1992).
The comparison between mouse and Xenopus labial paralogues showed that,
at the level of RNA accumulation, patterns of Hox gene expression have diverged
significantly during vertebrate evolution. While the anterior limit of Xenopus
HoxAl and HoxD1 expression at neurula stages is at the rhombomere 4/5 boundary,
the mouse labial Hox genes have an anterior limit at the rhombomere 3/4
boundary. This may reflect differences in mouse and Xenopus hindbrain
patterning. Additionally, the late pattern of HoxAl expression is unique to
Xenopus. Although fragments of potential HoxAl and HoxD1 genes have been
cloned in fish (Alexandre et al., 1996; Levine and Schechter, 1993; Misof et al., 1996)
and human (Hong et al., 1995; Simeone et al., 1991; Stornaiuolo et al., 1990), their
early embryonic expression has not been extensively characterized. It seems likely
that both HoxAl and HoxD1 have important functions in all vertebrates; however,
the striking differences between expression in mouse and frog may indicate that
their precise targets differ in these organisms.
2.3C Retinoids induce both HoxAl and HoxD1
Exogenous retinoic acid could induce HoxAl and HoxD1 RNA accumulation
immediately after the mid-blastula transition, many hours before the normal onset
of gene expression (Figure 2.5). During gastrula stages, these RNAs were induced
throughout the ectoderm and mesendoderm. In older embryos, however, the
spatial domains in which these genes could be induced became progressively
restricted to regions unique for each gene. By neurula, no HoxD1 or HoxAl RNA
was present in the extreme anterior of the embryo, even after continuous RA
treatment, suggesting a region-specific repression of these genes. There is a parallel
decline in the levels of HoxD1 RNA induced by RA in animal caps aged in vitro,
demonstrating an intrinsic timing mechanism for loss of RA response. By tailbud
stages, induction of HoxAl and HoxD1 by RA was even more restricted. These data
were consistent with the initially global and later, spatially limited induction by RA
of Hox genes or RARE-lacZ transgenes in mouse and chicken embryos (for example
see: (Conlon and Rossant, 1992; Kessel, 1993; Rossant et al., 1991; Sundin and
Eichele, 1992)).
The alterations in HoxAl and HoxD1 expression correlated with changes in
the teratogenicity of applied retinoids. By neurula stages the anterior of Xenopus
embryos has become largely resistant to perturbation by retinoids (Durston et al.,
1989; Ruiz i Altaba and Jessell, 1991a; Sive et al., 1990). This is mirrored by a loss of
sensitivity of anteriorly expressed genes to repression by RA (Gammill and Sive,
1997). Concordantly, the anterior of the embryo also became refractory to induction
of HoxAl and HoxD1. Our preliminary results suggest that misexpression of HoxD1
can lead to loss of anterior gene expression (Chapter 4). However, it seems likely
that misexpression of several genes, perhaps all labial Hox members together, may
be responsible for the teratogenic phenotype.
2.3D Retinoids may be endogenous regulators of Hox gene expression
Induction of HoxAl and HoxD1 by RA occurred in the absence of
protein synthesis. Although protein synthesis-independent-induction has been
demonstrated in tissue culture for murine and human labial genes (Boncinelli et
al., 1991; LaRosa and Gudas, 1988a), this is the first demonstration of direct
induction of a gene by RA in embryonic tissue. The data suggest that induction
might be effected by binding of a retinoic acid receptor to a retinoic acid response
element (RARE) in the promoters of these genes. In support of this, mouse HoxAl
carries a RARE 3' to transcribed sequences (Langston and Gudas, 1992; Langston, et
al., 1997) as do mouse, pufferfish, chick and human HoxB1 (Langston, et al., 1997;
Marshall et al., 1994; Ogura et al., 1995a). Both HoxAl and HoxB1 require a
functional 3' RARE for early neurectodermal expression in transgenic mice (Dupe
et al., 1997; Frasch et al., 1995; Marshall et al., 1994). The immediate early response to
retinoids in animal caps argued that retinoids may have directly induced initial
HoxD1 expression during gastrulation. However, retinoid receptors are present in
eggs and blastulae and may play an earlier, less direct role in HoxD1 induction
(Blumberg et al., 1992; Ellinger-Ziegelbauer and Dreyer, 1991).
Expression of HoxAl, but not HoxD1, was autonomously activated in
cultured animal caps. Expression of Xenopus RARy is also autonomously activated
in animal caps (Ellinger-Ziegelbauer and Dreyer, 1993), suggesting that this gene
may mediate HoxAl expression. The absence of autonomous HoxD1 activation may
reflect lower sensitivity of this gene to endogenous retinoids, or activation of
HoxAl by some mechanism that did not involve retinoids.
We provided the first evidence for the involvement of retinoid receptors
(RARs and RXRs) in the induction of HoxD1 by exploiting the ability of the thyroid
hormone receptor, c-erbA, to inhibit retinoid-mediated induction. In tissue culture
cells, c-erbA acts by sequestering a heterodimeric partner, RXR, common to retinoid
and thyroid hormone receptors (Barettino et al., 1993). It has been shown that
expression of both c-erbA and v-erbA in Xenopus embryos decreases the
teratogenicity of retinoic acid (Banker and Eisenman, 1993; Old et al., 1992; Schuh et
al., 1993). The c-erbA-mediated rescue can be partially reversed by overexpression of
RARs or RXRs, suggesting that c-erbA acts by similar mechanisms in embryos and
in tissue culture cells (Banker and Eisenman, 1993). We found that c-erbA could
completely suppress induction of HoxD1 and HoxAl by high levels of exogenous
RA in animal caps (Figure 2.8 and data not shown). In accord with these data,
Banker and Eisenman (1993) showed that induction of HoxAl by RA applied to
whole embryos could be suppressed two-fold by misexpression of c-erbA. When
introduced into two-cell embryos, c-erbA largely eliminated endogenous HoxD1
RNA accumulation. Although the precise targets of c-erbA are as yet unclear, our
data were consistent with activation of HoxD1 by endogenous retinoids. Our data
are the first demonstration that expression of an endogenous gene could be ablated
by c-erbA overexpression, and implicate endogenous RA in HoxD1 induction.
Overexpression of c-erbA allows HoxD1 to be induced by T3 in animal caps.
This may be due to the promiscuous binding of c-erbA/RXR heterodimers to
RAREs when abnormally high levels of protein are present. A second possibility is
that overexpression of c-erbA reveals a TRE involved in the normal expression of
HoxD1. This is unlikely however, since T3 responsiveness is not detectable in the
embryo until metamorphosis, when HoxD1 is no longer expressed (Baker and Tata,
1990).
2.3E HoxD1 is induced by bFGF and activin
It seemed unlikely that retinoids were the only regulators of HoxAl and
HoxD1 expression, since the spatial and temporal expression patterns of these genes
were so different (Figure 2.2, 2.3). Additionally, HoxD1, but not HoxAl, was more
weakly induced by RA in animal caps than in intact embryos (Figure 2.6) suggesting
that maximal induction of HoxD1 by RA required accessory factors present in the
embryo. We found that basic fibroblast growth factor (bFGF) and activin A could
induce expression of HoxD1 in animal caps to levels comparable to those induced
by retinoids; however, many hours elapsed after application of these factors before
HoxD1 RNA accumulated. HoxAl was only weakly induced by bFGF (relative to
RA induction) and not at all by activin. The failure of HoxAl to be induced by these
factors suggested that they did not activate the retinoid response pathway.
The configuration of factors that induced HoxD1 was novel among genes that
have been examined. For example, the LIM domain gene, Xlim-1, is induced by
activin in the absence of protein synthesis,, and by retinoic acid in a protein
synthesis-dependent fashion (Tadano et al., 1993; Taira et al., 1992). HoxB9
(X1Hbox6) cannot be strongly induced by RA alone, but RA enhances its expression
in dorsal ectoderm (Sive et al., 1990; Sharpe, 1991) and in bFGF-treated animal caps
(Cho and DeRobertis, 1990).
2.3F Mesoderm-derived signals induce endogenous HoxD1
The data presented here implies that retinoids, activin and bFGF are required
for normal activation of HoxD1. Misexpression of dominant-negative activin
(Hemmati-Brivanlou and Melton, 1992) and bFGF receptor mRNAs (Amaya et al.,
1991, 1993) ablated endogenous HoxD1 expression. The dominant-negative
receptors were most effective when their cognate RNAs were introduced soon after
fertilization. Introduction of these receptors at the 32-cell stage blocked HoxD1
expression much less efficiently (Figure 2.11). Accumulation of HoxD1 RNA does
not begin until the onset of gastrulation, which is many hours after the 32-cell stage.
This implies that signaling events during cleavage stages, such as mesoderm
induction, are essential for HoxD1 expression. Consistent with these data, the
dorsolateral mesoderm can also induceHoxD1 expression in animal cap ectoderm
(See Chapter 3, figure 3.3). The dorsolateral mesoderm lies under at least a portion
of the HoxD1 expression domain, suggesting that it is normally involved in HoxD1
induction.
The delayed response of HoxD1 to activin and FGF in animal caps are also
consistent with a late role for these factors in HoxD1 induction, perhaps by
modulating the retinoid response pathway. This is unlikely, however, since both
dominant-negative FGF and activin receptors inhibit expression of genes induced
during cleavage stages (Amaya et al., 1993; Hemmati-Brivanlou and Melton, 1992).
Indeed, introduction of these mRNAs during, rather than prior to, cleavage stages
reduced their ability to ablate HoxD1 expression significantly (Figure 2.11C). A more
plausible hypothesis is that these constructs acted to inhibit formation of tissue
necessary for HoxD1 induction.
Another consideration concerns which cells require retinoid, activin and
FGF receptors for HoxD1 activation. Dominant-negative FGF and activin receptors
perturb both mesodermal and ectodermal differentiation (Amaya et al., 1991;
Amaya et al., 1993; Hemmati-Brivanlou and Melton, 1992; Pownall et al., 1996). In
the case of the FGF receptor, abnormal ectodermal differentiation may result from
mesodermal perturbation. However, the dominant-negative activin receptor can
clearly alter ectodermal differentiation directly (Hemmati-Brivanlou and Melton,
1992; Hemmati-Brivanlou and Melton, 1994), probably by interfering with BMP4
signaling (Chang et al, 1997; Schulte-Merker et al., 1994; Wilson and Hemmati-
Brivanlou, 1995). Our data showed that inhibition of HoxD1 expression correlated
with the presence of dominant-negative receptors in the region that would
normally have expressed HoxD1. This region includes both ectoderm and
mesoderm, so the germ-layer dependence of the dominant-negative receptors could
not be assessed. Induction of HoxD1 in the ectoderm of animal cap-dorsolateral
mesoderm conjugates supports the hypothesis that mesoderm is a normal HoxD1
inducing tissue, but does not rule out an ectodermal source of inducing signals.
2.3G Induction of HoxD1 is dependent on multiple signals
The induction of HoxD1 by activin, bFGF and retinoic acid applied as single
factors to animal caps showed that each of these factors was sufficient to induce
HoxD1, whereas expression of dominant-negative receptors suggested that each of
these factors was necessary for HoxD1 expression in whole embryos (Figure 2.12).
Similar to HoxD1, Xbra can be induced by either activin or bFGF in animal caps
(Smith et al., 1991), but is inhibited by either dominant-negative activin or FGF-
receptors in whole embryos (Amaya et al., 1993; Hemmati-Brivanlou and Melton,
1992). This apparent paradox might be explained by the presence of low levels of each
of these factors in animal caps, sufficient to cooperate with high exogenous levels of
one of the other factors and induce HoxD1 or Xbra. It has recently been shown that
dominant-negative FGF-receptors can block induction of some activin-inducible
genes in animal caps (Cornell and Kimelman, 1994; LaBonne and Whitman, 1994),
suggesting that competence to respond to activin requires low levels of FGF-
signaling. These studies suggest that pattern formation in the ectoderm requires a
complex series of inductive events, which includes mesoderm induction at cleavage
stages. Thus formed, the mesoderm produces inducing molecules of its own after the
MBT, perhaps including retinoids, which serve to regulate the expression of genes
which pattern the anteroposterior axis.
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Figure 2.1 Xhox.labl and Xhox.lab2 are Xenopus HoxD1 and HoxAl
Xenopus labial-like Hox protein sequences were compared with other
vertebrate labial Hox protein sequences. Amino acids identical to the
consensus are highlighted. The solid line indicates the "labial" domain and
the dashed line indicates the homeodomain. Dashes indicate gaps in the
amino acid alignment. A. Sequence comparison of full-length Xenopus HoxD1
(Xhox.labl) with mouse HoxD1 protein sequence. Xl: Xenopus laevis ; Mm:
Mus musculus B. Sequence comparison of the partial Xenopus HoxAl
(Xhox.lab2) protein sequence with mouse, rat and human HoxAl protein
sequence. XI: Xenopus laevis Mm: Mus musculus Hs: Homo sapiens Rn:
Rattus norvegicus C. Sequence comparison of vertebrate HoxAl and HoxD1
homeodomains to each other and Drosophila labial. Shorter sequences are
from partial homeodomain clones. XI: Xenopus laevis (frog, HoxAl: (Sive and
Cheng, 1991), HoxD1: (Blumberg et al., 1991; Kolm and Sive, 1995a; Sive and
Cheng, 1991)) Mm: Mus musculus (mouse, HoxAl: (Baron et al., 1987; LaRosa
and Gudas, 1988a); HoxD1: (Frohman and Martin, 1992; Hunt et al., 1991;
Nazarali et al., 1992)), Rn: Rattus norvegicus (rat, HoxAl: (Cook,T. and
Urrutia,R. (1997) Genbank entry RNU93092)); Hs: Homo sapiens (human,
HoxAl: (Hong et al., 1995; Simeone et al., 1991); HoxDl: (Stornaiuolo et al.,
1990)), Ca: Carassius auratus (goldfish, HoxAl:(Levine and Schechter, 1993)),
Dr: Danio rerio (zebrafish, HoxAl: (Alexandre et al., 1996; Misof et al., 1996);
HoxDl: (Misof et al., 1996)), Fh: Fundulus heteroclitus (killifish, (Misof and
Wagner, 1996)), Dm: Drosophila melanogaster (labial: (Diederich et al., 1989;
Hoey et al., 1986; Mlodzik et al., 1988)).
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Figure 2.2 Expression pattern of HoxA1.
Expression of HoxD1 was examined by whole mount in situ hybridization of
albino embryos. Embryos in panels A-H have been cleared with benzyl alcohol:
benzyl benzoate. In all cases anterior is left. A. Mid-neurula (stage 15), lateral view.
Black arrows: anterior and posterior boundaries of HoxA1 expression. (40X
magnification) B. Mid-neurula (stage 15), dorsal view; sc: spinal cord. (40X
magnification) C. Late-neurula (stage 17), dorsal view, shallow focus; arrows:
anterior and posterior boundaries of expression. (40X magnification) D. Late-
neurula (stage 17), dorsal view; same embryo as C, deep focus; sc: spinal cord;
arrows: anterior and posterior boundaries of expression. (40X magnification) E.
Tailbud (stage 24), lateral view. h: heart anlage; o: otic vesicle; sc: spinal cord; black
arrow: anterior boundary of spinal cord expression, white arrow: anterior boundary
of circumferential expression.(40X magnification) F. Late tailbud (stage 30), lateral
view. el: endolymphatic duct; hb: anterior hindbrain; mb: midbrain. (40X
magnification) G_. Tailbud (stage 24), lateral view. Detail view of embryo in E. nc:
notochord; sc: spinal cord. (100X magnification) H. Late tailbud (stage 30), dorsal
view. mb: midbrain; hb: anterior hindbrain; el: endolymphatic duct. (100X
magnification). Inset: HoxA1 expression relative to en-2. Closed arrows: HoxA1
expression. Open arrow: En-2 expression. L Double staining with HoxA1 and
Krox20 probes. I. Early neurula (stage 13), dorsal view. Black arrow: Krox20
rhombomere 3 expression. White arrow: Anterior boundary of HoxAl expression.
L- Mid-neurula (stage 15), lateral view. Black closed arrow: Krox20 rhombomere 3
expression. Open arrow: Krox20 rhombomere 5, anterior boundary of HoxAl
expression.
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Figure 2.3 Expression pattern of HoxD1.
Expression of HoxD1 was examined by whole mount in situ hybridization on albino
embryos. Embryos in panels A-Lhave been cleared with benzyl alcohol: benzyl
benzoate. In panels A-H anterior is left; in panels I-L anterior is at the top. A.
Early- gastrula (stage 10.5-11), dorsal view. bp: blastopore; arrow: dorsal lip. (40X
magnification) B. Mid-gastrula (stage 11.5), dorsal view. bp: blastopore; arrow:
dorsal lip. (40X magnification) C. Late gastrula (stage 12.5), dorsal view. (40X
magnification) D. Mid-neurula (stage 16), dorsal view. (40X magnification) E. Early
gastrula (stage 10.5-11), ventral view of embryo in A. (40X magnification) F. Mid-
gastrula (stage 11.5), ventral view of embryo in B , (40X magnification) G. Late-
gastrula (stage 12.5), lateral view of embryo in C. (40X magnification) H. Mid-
neurula (stage 16), lateral view of embryo in D.; arrow: anterior boundary of
expression. (40X magnification) I. Early gastrula (stage 10.5), dorsal view; arrow:
dorsal blastopore lip (100X magnification). J. Mid-gastrula (stage 11.5) dorsal view;
arrow: dorsal blastopore lip (100x magnification). K. Early neurula (stage 13),
posterior view. Purple staining: HoxD1, blue staining: XK81; white arrow: lateral
extent of XK81 expression; black arrow: lateral extent of HoxD1 expression (40X
magnification). L. Early neurula (stage 14); dorsal view. Left panel: mixed staining of
HoxD1, en2, and krox20 (r3 and r5); right panel: HoxD1 staining alone. (25X
magnification).
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Figure 2.4 HoxD1 is expressed primarily in ectoderm.
Expression of HoxD1 was examined by whole mount in situ hybridization of
albino embryos. A. Double whole mount in situ hybridization of HoxD1 and Xbra.
HoxD1 is visualized with BCIP alone (light blue) and Xbra with NBT and BCIP
(purple). White arrowhead: HoxD1 expression; black arrowhead: Xbra expression.
Anterior is at the top. (25X magnification) a. Mid-gastrula (stage 11.5), vegetal view.
D: Dorsal. bp: blastopore. b. Mid-gastrula (stage 11.5), dorsal view. c. Late gastrula
(stage 12.5), dorsal view. Black arrowhead: anterior limit of Xbra expression; white
arrowhead: anterior limit of HoxD1 expression. B. HoxD1 compared to muscle-actin
(MSA) expression in early neurula (stage 13) embryo. Dorsal is at the top. Embryos
were stained by whole-mount in situ hybridization, then sectioned with a scalpel.
e: ectoderm; m: mesoderm. (66X magnification) a. HoxD1 expression, transverse
section. b. MSA expression, transverse section. c. HoxD1 expression, parasagittal
section. d. MSA expression, parasagittal section. C. Late gastrula- early neurula
(stage 12.5-13) posterodorsal tissue was separated into ectodermal and
mesendodermal layers (see Methods) and analyzed by Northern hybridization for
expression of HoxAl and HoxD1. Germ layer purity was determined by re-
hybridization of blots to the ectoderm-specific marker XK81 (Jamrich et al., 1987)
and the mesoderm-specific marker MyoD (Hopwood et al., 1989). Re-hybridization
to EFlct served as a loading control. Each lane contains RNA from 3 explants, or
one whole embryo, as applicable, a. Diagram of stage 12.5 embryo, with isolated
region shaded. Dorsal view. A: anterior; P: posterior. b . Expression of HoxAl and
HoxD1. Lane 1: Ectodermal layer (e). Lane 2: Mesendodermal layer (m). Lane 3:
Whole embryo control (w).
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Figure 2.5 Retinoic acid alters the pattern of HoxAl and HoxD1 expression
The expression of HoxAl and HoxD1 was analyzed by whole mount in situ
hybridization of albino embryos treated continuously with 1 gM all-trans retinoic
acid from mid-blastula (stage 8.5) onwards unless otherwise indicated. Embryos in
panels have been cleared with benzyl alcohol: benzyl benzoate. Anterior is to the
left. A-F: 40X magnification. G-H: 25X magnification. A. HoxAl expression: mid-
gastrula (stage 11), dorsal view. bp: blastopore. B. HoxAl expression: neurula (stage
14), lateral view. Arrow: anterior boundary of expression. C. HoxAl expression:
tailbud embryo (stage 22) treated with 1.M RA for 3 hours prior to collection, lateral
view. e: eye. D. HoxD1 expression: mid-gastrula (stage 11), dorsal view. bp:
blastopore. E. HoxD1 expression: late gastrula (stage 12.5), dorsolateral view. Arrow:
anterior boundary of expression. F. HoxD1 expression: early tailbud (stage 22) treated
with RA for three hours prior to collection, lateral view. Arrow: gap in expression;
o: otic vesicle; e: eye. G. HoxAl expression: late tailbud (stage 29-30) treated with 1
gM RA for 3 hours prior to collection, lateral view. mb: midbrain; hb: anterior
hindbrain; el: endolymphatic duct (black arrows); white arrow: ventral neural tube;
h: heart anlage. H. HoxD1 expression: late tailbud embryo (stage 29-30) treated with
RA for 3 hours prior to collection, lateral view. Arrows: inter-somitic fissures; n:
notochord; t: tailbud; s: anterior spinal cord.
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Figure 2.6 Responsiveness of animal caps to retinoic acid.
Animal caps were isolated from mid-blastula embryos (stage 8) and aged in 1x MBS.
Explants were treated with 1 pM RA for three hours and collected at the stage
indicated. Whole embryos were treated in parallel. Expression of HoxAl and
HoxD1 was analyzed by Northern hybridization. Each lane contains RNA from 8
animal caps, or one embryo, as applicable. EFla expression was used as a loading
control. A. Animal caps collected at the equivalent of the stage indicated. Lane 1:
stage 9, untreated; lane 2: stage 12.5, untreated; lane 3: stage 17, untreated; lane 4:
stage 19, untreated; lane 5: stage 20, untreated; lane 6, stage 23, untreated; lane 7:
stage 9, RA; lane 8: stage 12.5, RA; lane 9: stage 17, RA; lane 10: stage 19, RA; lane 11,
stage 20, RA; lane 12, stage 23, RA. B_ Whole embryos were collected in parallel
with animal caps at the stage indicated. Lane 1: stage 9, untreated; lane 2: stage 12.5,
untreated; lane 3: stage 17, untreated; lane 4: stage 19, untreated; lane 5: stage 20,
untreated; lane 6, stage 23, untreated; lane 7: stage 9, RA; lane 8: stage 12.5, RA; lane
9: stage 17, RA; lane 10: stage 19, RA; lane 11, stage 20, RA; lane 12, stage 23, RA.
Stage 9, late blastula; 12.5, late gastrula; 17, mid- neurula; 19, late neurula; 20, early
tailbud; 23, mid-tailbud.
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Figure 2.7 Protein synthesis-independent-induction of HoxAl and HoxD1 by
retinoic acid.
Mesoderm (M, dorsal marginal zone) and ectoderm (E, animal cap) were isolated
from early gastrula embryos (stage 10.25) and treated with 1 gM RA for 1.5 hours in
the absence or presence of the protein synthesis inhibitor cycloheximide (CHX,
5pM). Expression of HoxAl and HoxD1 was analyzed by Northern hybridization.
Each lane contains RNA from 10 explants. Ethidium bromide stained panel shows
28S RNA as a loading control. Lane 1: ectoderm, untreated; lane 2: ectoderm, RA;
lane 3: ectoderm, CHX; lane 4: ectoderm, RA plus CHX; lane 5: mesoderm,
untreated; lane 6: mesoderm, RA; lane 7: mesoderm, CHX; lane 8: mesoderm, RA
plus CHX.
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Figure 2.8 Induction of HoxD1 by retinoic acid is eliminated by c-erbA, but not v-
erbA.
A.Two-cell embryos were injected in both blastomeres with c-erbA or v-erbA
mRNA as. At mid-blastula (stage 8), animal caps were removed and treated with
1gM RA or 1 gm RA plus 0.1 gM triiodothyronine (T3) for 3 hours before tissue
was harvested. B. Expression of HoxD1 and EFla (a loading control) was analyzed
by Northern hybridization. Each lane contains RNA from 8 animal caps. Lane 1:
uninjected, untreated; lane 2: uninjected, RA; lane 3: uninjected, RA plus T3; lane
4: c-erbA injected, untreated; lane 5: c-erbA injected, RA; lane 6: c-erbA injected, RA
plus T3; lane 7: v-erbA injected, untreated; lane 8: v-erbA injected, RA; lane 9: v-
erbA injected RA plus T3.
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Figure 2.9 HoxD1, but not HoxAl, is induced by activin and bFGF.
Animal caps were isolated from stage 8 - 9 embryos and treated with bFGF (A) or
activin (B) for 4 or 9 hours in the presence or absence of RA. Expression of HoxAl,
HoxD1, the bFGF and activin inducible gene Xbra (Smith et al., 1991), and the
activin inducible gene MixI (Rosa, 1989) were analyzed by Northern hybridization.
Blots were reprobed with EFlx as a loading control. A. bFGF treatment. Each lane
contains RNA from 10 animal caps. Lane 1: 4 hour incubation, untreated; lane 2: 4
hour incubation, RA; lane 3: 4 hour incubation, bFGF; lane 4: 4 hour incubation,
bFGF plus RA; lane 5: 9 hour incubation, untreated; lane 6: 9 hour incubation, RA;
lane 7: 9 hour incubation, bFGF; lane 8: 9 hour incubation, bFGF plus RA; lane 9: 1
whole stage 13 embryo. B. Activin A treatment. Each lane contains RNA from 10
animal caps. Lane 1: 4 hour incubation, untreated; lane 2: 4 hour incubation, RA;
lane 3: 4 hour incubation, activin A; lane 4: 4 hour incubation, activin A plus RA;
lane 5: 9 hour incubation, untreated; lane 6: 9 hour incubation, RA; lane 7: 9 hour
incubation, activin A; lane 8: 9 hour incubation, activin A plus RA; lane 9: 1 whole
stage 13 embryo.
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Figure 2.10 HoxD1 expression is ablated by the misexpression of dominant-negative
receptors.
Data is detailed in Figure 2.11. A. Albino embryos were microinjected with a
mixture of 3-galactosidase mRNA (as a tracer) and dominant-negative receptor
mRNA in one blastomere of a 2-cell embryo (thyroid hormone receptor: c-erbA
(Barattino et al., 1993); dominant-negative activin receptor: XARA (Hemmati-
Brivanlou et al., 1992); dominant-negative fibroblast growth factor receptor: XFD
(Amaya et al., 1991)). Embryos were allowed to develop to late gastrula-early
neurula (stage 12.5 - 13) and expression of HoxD1 was examined by in situ
hybridization. The expression of the mesodermal marker Xbra was also examined
as a control. Xbra is expressed around the blastopore and in the notochord. At the
stage examined (stage 12.5 - 13) the notochord has just begun to extend, so that
notochord staining is visible to varying degrees (Nieuwkoop and Faber, 1967). 3-
galactosidase staining (light blue) localizes the injected mRNA. This staining is
punctate due to a nuclear localization signal linked to the P-galactosidase protein.
Failure to see overlap of P-galactosidase stain and HoxD1 mRNA in the normal
domain of HoxD1 expression indicates ablation of expression by the dominant-
negative receptor. B. HoxD1 expression: CAT RNA injected, dorsal view. C. Xbra
expression: c-erbA RNA injected, dorsolateral view. D. HoxD1 expression: c-erbA
RNA injected, dorso-lateral view E. Xbra expression, XARA RNA injected. F. HoxD1
expression: XARA RNA injected, dorsal view. G. Xbra expression: XFD RNA
injected. Anterior is to the right. H. HoxD1 expression: XFD RNA injected, dorsal
view. D: dorsal midline, bp: blastopore.
111
A i ,'
r~niornect receptor mRNA
alow embryos tec itelop to at 1• 5-13
visuallZe mRNA oca Ization by p-gal staining
v14114 i· Hr)Pr1 •vpr•pirnn by in rsi hyhrridation
mRNPA HA NO r;FFCT mRNA 3LATES EXPRESSION
HoxD1
CAT
c-erbA
XARA
XFD
Xbra
Figure 2.11. Dominant-negative receptors block HoxD1 expression early in
development. Thyroid hormone receptor: c-erbA (Barattino et al., 1993); dominant-
negative activin receptor: XARA (Hemmati-Brivanlou et al., 1992); dominant-
negative FGF receptor: XFD (Amaya et al., 1991) A. Summary of Figure 2.10 I:
mRNA was injected in one cell of a two-cell embryo, together with P-galactosidase
mRNA as a tracer. II: HoxD1 or Xbra expression was analyzed by whole-mount in
situ hybridization. III: Total number of embryos scored from 2-4 independent
experiments. IV-VI: Overlapping expression: P-gal staining lies within the normal
HoxD1 or Xbra expression domain. The percentage of embryos with overlapping
expression showing a given phenotype is indicated in parentheses. IV: Expression
was normal under P-gal staining. *: Two embryos had lateral n-gal staining, such
that it was difficult to determine the extent of ablation; these embryos were
conservatively scored as having normal expression. V: Expression was ablated
approximately 90-95%. VI: Expression was completely eliminated. VII: P-gal staining
was localized outside the normal HoxD1 or Xbra expression domains . B. I: mRNA
was injected in one cell of the A or B tier of a 32-cell embryo, together with 3-
galactosidase mRNA as a tracer. II: HoxD1 or Xbra expression was analyzed by
whole-mount in situ hybridization. III: Total number of embryos scored from 2-4
independent experiments. IV-VI: Overlapping expression: P-gal staining lies within
the normal HoxD1 or Xbra expression domain. The percentage of embryos with
overlapping expression showing a given phenotype is indicated in parentheses. IV:
Expression was normal under 3-gal staining. V: Expression was ablated in 20-30%
of the P-gal stained area. VI: Expression was completely eliminated. VII: 3-gal
staining of these embryos was localized outside the normal HoxD1 or Xbra
expression domains. C. Percentage of embryos with normal gene expression under
P-gal stain (data from A, B; column IV) Hatched bar: One of two cells injected. Solid
bar: One of a 32-cells injected, a. HoxD1 expression. b. Xbra expression.
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LOCALIZATION OF B-GALACTOSIDASE STAINING
OVERLAPPING EXPRESSION
I 11 III IV V VI VII
MRNA GENE NUMBER GENE GENE GENE NON-
INJECTED SCORED SCORED EXPRESSION EXPRESSION EXPRESSION OVERLAPPING
NORMAL (%) MOSTLY ABLATED (%) EXPRESSION
ABLATED (%)
CAT HoxD1 27 18(82%) 2(9%) 2 (9%) 5
c-erbA HoxD1 41 6 (18%)* 1(2%) 26 (79%) 8
Xbra 17 15(88%) 0 2 (12%) 0
XARA HoxD1 28 0 4 (19%) 17 (81%) 7
Xbra 7 0 2(40%) 5 (80%) 2
XFD HoxDl 32 0 5 (15%) 28 (85%) 4
Xbra 6 0 0 4(100%) 2
LOCALIZATION OF B-GALACTOSIDASE STAINING
OVERLAPPING EXPRESSION I
I II III IV V VI VII
MRNA GENE NUMBER GENE GENE GENE NON-
INJECTED SCORED SCORED EXPRESSION EXPRESSION EXPRESSION OVERLAPPING
NORMAL (%) PARTIALLY ABLATED (%) EXPRESSION
ABLATED (%)
c-erbA HoxD1 35 8 (31%) 6 (23%) 12(46%) 9
Xbra 6 3 (5%) 0 1 25%) 2
XARA HoxD1 30 13 (43%) 2 (7%) 8 (27%) 7
Xbra 18 6(30%) 4 (20%) 10(50%) 4
XFD HoxD1 23 2 (13%) 5 (31%) 9 (56%) 7
Xbra 28 2 (8%) 8 (31%) 16 (62%) 2
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Figure 2.12. Model of HoxD1 induction.
HoxD1 and HoxAl are both induced by endogenous retinoids. HoxD1, but not
HoxAl, is induced by activin and FGF after a long period of incubation, presumably
as a result of mesoderm induction. It is not known whether activin or FGF
stimulate retinoic acid biosynthesis in ectoderm or mesoderm. These signals, along
with other signals which could arise from either mesodermal or ectodermal
sources, cooperate to induce HoxD1 expression.
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Chapter 3:Xenopus posterior patterning is a multistep process that
requires retinoid signaling
117
3.1 Introduction
In Xenopus, formation of the anteroposterior axis in the future
neurectoderm begins during gastrulation. As the neurectoderm is induced on
the dorsal side of the embryo, it acquires an anteroposterior pattern (reviewed
in: Slack and Tannahill, 1992). The precise timing of neural patterning is not
yet clear, but from molecular studies it is apparent that a rudimentary
anteroposterior (A/P) axis is in place by mid-gastrula (Saha and Grainger, 1992;
Sharpe and Gurdon, 1990; Sive et al., 1989). The pervasive model of how this
patterning is achieved was first proposed by Nieuwkoop and colleagues
((Nieuwkoop, 1952), reviewed in: Doniach, 1993). This model suggests that
initial neural patterning is a two-step process in which neurectoderm is first
induced to an anterior-like state (the "activation" process). Subsequently, the
model proposes, part of that tissue is reprogrammed (or "transformed") into
more posterior neurectoderm. The model also proposes that anterior-type
induction is necessary for more posterior patterning to take place. Indeed, the
transformation of presumptive anterior neurectoderm into more posterior
tissue can readily be achieved by in vitro conjugation assays with dorsal
mesoderm (Doniach and Musci, 1995; Saha and Grainger, 1992; Sharpe and
Gurdon, 1990; Sive et al., 1989) . As the embryo becomes described by the
expression patterns of greater numbers of genes, it is becoming clear that A/P
patterning is likely too complex to be described by a two step model.
Posteriorization is also affected by pure factors. Retinoic acid is a very
potent posteriorzing agent that both suppresses anterior gene expression and
activates expression of posterior genes when applied to induced dorsal
ectoderm (Durston et al., 1989; Ruiz i Altaba and Jessell, 1991b; Sharpe, 1991;
Sive et al., 1990). Retinoic acid receptors (RARs) and their heterodimer
partners, RXRs, are expressed in complex and overlapping patterns in the
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dorsal mesoderm and dorsal ectoderm during gastrulation, at the time A/P
patterning is taking place (Blumberg et al., 1992; Ellinger-Ziegelbauer and
Dreyer, 1993; Marklew et al., 1994; Sharpe, 1992a; Sharpe and Goldstone, 1997).
It has therefore been suggested that retinoids are normally involved in the
induction of posterior tissue.
One of the reasons that the role of retinoids in axial patterning has
remained unclear is the difficulty in directly determining the localization of
endogenous retinoids. The large number of different retinoids and their
precursors further complicates this analysis (Blumberg et al., 1996; Chen et al.,
1994; Creech-Kraft et al., 1994a; Creech-Kraft et al., 1994b; Durston et al., 1989).
Receptors appear to have redundant functions, since, in mice, knockouts of
multiple receptors have been necessary to observe a phenotype (reviewed in
Kastner et al., 1995). Further, since applied retinoids perturb embryogenesis at
multiple points, retinoids are likely to play many roles during development
and tissue or time-specific ablation will be required to unravel these roles.
FGF has also been suggested to be a posterior inducer, and in support of
this eFGF is expressed in the extreme posterior of the embryo during gastrula
and neurula stages (Isaacs et al., 1992). Ablation of FGF signaling using a
dominant negative receptor prevents formation of posterior structures (Amaya
et al., 1991; Amaya et al., 1993; Kroll and Amaya, 1996) while overexpression of
FGF activates posterior genes more anteriorly and weakly suppresses anterior
development (Isaacs et al., 1994; Pownall et al., 1996). Recent data implies that
FGF may play roles in both posterior neural and mesodermal patterning (Kroll
and Amava, 1996; Pownall et al., 1996). If FGF and retinoids are both normally
posteriorizing factors, the question arises as to whether they act in the same
region of the embryo and whether they play similar roles.
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In this chapter we explore the role of endogenous retinoid signaling in
setting up A/P position in the Xenopus neurectoderm using a dominant
negative retinoic acid receptor construct. We show that retinoid signaling is
required in the ectoderm for activation of genes expressed in the presumptive
hindbrain, but not for expression of more anterior or posterior genes. We also
compare the posteriorizing ability of retinoic acid and FGF and find that these
factors act in different domains of the dorsal ectoderm to activate posterior
genes. While RA is able to induce posterior markers in both naive ectoderm
and anterior dorsal ectoderm, it is unable to induce posterior neural genes as
posterior dorsal mesoderm can. Our data suggest that posterior induction of
the embryo is a complex process, best explained by a mulitcomponent,
multistep model.
3.2 Results
3.2A A RARa2 C-terminal deletion mutant protects embryos from the
teratogenic effects of retinoic acid.
A C-terminal deletion of the mouse retinoic acid receptor a (RARA) has
been shown to dominantly interfere with retinoid signaling in tissue culture
(Damm et al., 1993; Imakado et al., 1995; Tsai et al., 1992). We therefore asked
whether a similar mutation in Xenopus RARc2.2 (Sharpe, 1992a; Sharpe and
Goldstone, 1997) could block the effects of retinoic acid in developing Xenopus
embryos or isolated animal cap ectoderm.
Embryos were injected in one of 4 cells with RARA RNA. Control
embryos were injected with RNA for a mutant RAR (RARm), which has a
point mutation in the zinc-finger domain that prevents DNA binding, as well
as a deletion in the ligand binding/dimerization domain. Embryos either
developed without further treatment or were treated with 1 pLM RA from early
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gastrula (stage 10.5-11) to early neurula (stage 13-14), and then allowed to
develop to hatching stages (stage 32-35). Results from a representative
experiment are documented in Figure 3.1. Overexpression of these constructs
had no significant effect on the morphology of hatching stage embryos cultured
without added retinoic acid.
The RA treatment was mild enough that somites and posterior
structures remained intact, with uninjected, RA-treated embryos showing a
median value of 2 on the dorsoanterior index scale (DAI; Kao and Elinson,
1988; Sive et al., 1990; Figure 3.1A). Injection of RARA blocked the effects of RA
so that the typical DAI >2, with eyes and cement gland present in a high
percentage of embryos (Figure 3.1A,B). In order to test the specificity of the
RARA effects, we asked whether the protection against RA could be reversed by
coexpression of RARA with equal amounts of the full length RARcC2.2 (RAR).
This coexpression caused RARA to lose its ability to protect embryos from the
teratogenic effects of RA, while co-expression of RARm had no attenuating
effect. The intact RAR alone enhanced RA-induced phenotypes, depressing
the typical DAI<2. Curiously, although RARm could not reverse the effects of
RARA, embryos injected with the RARm construct alone showed some
enhancement of RA effects, suggesting that the RARm construct retains some
activity. These data indicated that RARA acted as a dominant negative and
could prevent the teratogenic effects of RA treatment.
3.2B Overexpression of RARA blocks induction by RA in animal caps
In order to determine whether the dominant negative RAR could act in
isolated embryonic tissue, we asked whether RARA could block induction of
HoxD1 and HoxAl in animal caps. HoxAl and HoxD1 are induced as an
immediate early response to retinoic acid in embryonic tissue (Chapter 2,
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Figure 2.7; Kolm and Sive, 1995a; Sive and Cheng, 1991). Both blastomeres of
two cell embryos were microinjected with either RARA or RARm mRNA,
animal caps were isolated at early gastrula (stage 10), and treated with RA until
sibling embryos reached stage 14 (Figure 3.2A). Gene expression was examined
using a reverse transcriptase-polymerase chain reaction (RT-PCR) assay, with
EFla as loading control (see Methods). As shown in Figure 3.2B, RARA
prevented induction of both HoxD1 and HoxAl by RA (compare lanes 1,2 with
lanes 3,4), while the control RARm had no effect (lanes 5,6). These data
confirm that RARA can dominantly inhibit RA signaling in embryonic tissue.
Caps injected with RARA could be induced to express Xbra after FGF treatment,
confirming the specificity of the dominant negative effect to the retinoid
signaling pathway (not shown).
3.2C Pattern formation in the hindbrain requires retinoid signaling
We next asked whether retinoid signaling is required during
gastrulation to set up A/P position in the dorsal ectoderm and where along the
A/P axis this signaling is required (Figure 3.3A). To help define the normal
domain of RARa2.2 activity, we examined its expression by whole mount in
situ hybridization (Figure 3.3B, panel a). Expression at early neurula was
compared to HoxD1 (b), which has an anterior boundary in rhombomere 5 (r5;
Chapter 2, Figure 2.3), and to Krox-20, which is expressed in rhombomeres 3
and 5 (Bradley et al., 1993). Expression of RARa2.2 overlapped almost precisely
with that of HoxD1, with the anterior boundary of RARa2.2 slightly more
posterior than that of HoxD1 (compare a and b). By tailbud, the anterior
boundary of RARc2.2 was posterior to the Krox-20 r5 stripe (Figure 3.3B. panel
c). It therefore might be expected that the dominant negative RARa2.2 could
interfere with retinoid signaling at least in this domain, and likely in a broader
122
Table 3.1
Capped mRidA was inje in
Methods and Materials. RARm:mutant RAR; RARA dominant negative RAR.
b. Gene expression was analyzed by whole mount in situ hybridization.
c. Embryos with overlapping Pgalactosidase stain and marker gene expression. Embryos were scored at either stage 13 (HoxD1) or stage
15-16 (HoxB9, krox20, XCG). Numbers for otx2 are pooled values from embryos assayed at stage 13 and stage 15.
d. Embryos have normal expression under P-galactosidase stain. In no case was gene expression affected when there was no overlapping
expression.
e. Ectopic expression in 3-galactosidase stained region of the embryo.
f. In the case of krox20 embryos showed compression of the r3 and r5 bands into a single band, or loss of r5 expression. In the case of XCG
expression was reduced, but not completely ablated under the P-galactosidase staining
g. Expression was completely deleted under P-galactosidase staining.
h. Expression domain was disrupted without ablating expression or causing ectopic expression.
i. Embryos were elongated on the injected side. This could only be seen in embryos scored at st. 15-16. Expression of krox20 was not
appreciably disrupted.
RNA injecteda Gene # embryosc no effect (%)d expand decrease ablate skew elongation
analyzedb expression expression expression expression of axis
(%)e (%)f (%)g (%)h (%)i
RARm HoxD1 31 29 (94) 0 0 2 (6) 0 0
RARA 20 2 (10) 0 0 18 (90) 0 0
RARm HoxB9 13 13 (100) 0 0 0 0 0
RARA 25 25 (100) 0 0 0 0 0
globin krox20 28 15 (83) 0 0 1 (6) 1 (6) 1 (6)
RARm 36 16 (44) 0 2 (6) 6 (17) 3 (8) 9 (25)
RARA 35 3 (9) 0 27 (77) 2 (6) 2 (6) 1 (3)
RARm otx2 30 30 (100) 0 0 0 0 0
RARA 33 28 (85) 3 (9) 0 0 0 0
RARm XCG 26 12 (46) 0 14 (54) 0 0 0
RARA 29 26 (90) 0 3 (10) 0 0 0
L L_ I_ ~~T 1 1 .1 t
domain if RARoc2.2 is able to interfere with signaling by other retinoid
receptors.
We next examined the effect of RARA overexpression on the pattern of
dorsal ectodermal marker expression. mRNAs encoding RARA or control
constructs were introduced into one cell of a two cell embryo, together with P-
galactosidase mRNA to localize the injected region of the embryo. Gene
expression was assayed by whole mount in situ hybridization (Figure 3.3C,
Table 3.1).
While RARA ablated HoxD1 expression (Figure 3.3C, panel b), the
control construct RARm had no effect (panel a). Similarly, expression of Krox-
20 was sensitive to RARA effects. When the P-galactosidase (P-gal) staining
overlapped the presumptive hindbrain, there was frequently (90%, Table 3.1)
either a loss of one of the Krox-20 bands or a compression of the two bands,
suggesting a loss of rhombomere 4 (r4; panels e,f). Overexpression of globin
mRNA had no effect on the expression of any of these markers (panel c), while
RARm appeared to elongate the injected side of the embryo, without altering
the positions of en2 and Krox-20 expression relative to each other (panel d).
XCG expression was also reduced in RARm-injected embryos (not shown).
In contrast to the perturbation of HoxD1 and Krox 20 expression by
RARA, expression of more anterior ectodermal markers including XCG, a
cement gland marker (Sive et al., 1989), and otx2 (Blitz and Cho, 1994; Pannese
et al., 1995), a cement gland and forebrain marker, was not altered by RARA
(panels g,h). Additionally, neither expression of en-2 at the mid-
brain/hindbrain junction (panels e,f; (Hemmati-Brivanlou et al., 1991)), nor
HoxB9 in the presumptive spinal cord and underlying mesoderm (Godsave et
al., 1994; Sharpe et al., 1987; Wright et al., 1990), was altered by RARA (panel i).
These data suggest that retinoid signaling is required to set up the A/P
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neuraxis in the posterior hindbrain, but not in more posterior or more anterior
regions.
3.2D Retinoid signaling is required in the neurectoderm for HoxD1 induction
Our data did not distinguish whether the requirement for RARs in
HoxD1 induction was in the ectoderm where HoxD1 expression predominates
(Chapter 2, Figure 2.4; (Kolm and Sive, 1995a)), or in the underlying
mesendoderm. We addressed this question by performing induction assays
between ectoderm expressing RARA and untreated mesoderm. Animal caps
were removed at late blastula (stage 9) from RARA or RARm-injected embryos.
Dorsolateral mesoderm (underlying the normal domain of HoxD1 expression)
was removed at late gastrula (stage 12) from embryos injected with FLDX
lineage tracer. Conjugates were allowed to age until sibling embryos of the
ectoderm donors reached early neurula (stage 14). Unconjugated ectoderm
does not express detectable levels of HoxD1 (Figure 3.4, panels a, b). While
mesoderm induced significant levels of HoxD1 in uninjected (not shown) or
control injected ectoderm (Figure 3.4, panel c), ectoderm expressing RARA was
not induced to express HoxD1 (Figure 3.4, panel d). These data indicate that
retinoid receptors are required within the neurectoderm during HoxD1
induction.
3.2E Retinoic acid is not equivalent to the mesodermal posteriorizing factor.
The activation-transformation model of Nieuwkoop (1952) proposes
that the posterior dorsal mesoderm provides a signal that respecifies anteriorly
induced tissue to a more posterior fate. Indeed it has been shown that mid-
gastrula dorsal ectoderm is respecified from cement gland to a more posterior
neural fate by conjugation with posterior dorsal mesoderm (pDM; Sive et al,
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1989). We have examined this phenomenon using a battery of positional
markers (Figure 3.5), and compared the effects of this tissue to RA treatment.
The posterior dorsal mesoderm (pDM) from mid-gastrula embryos was
conjugated to aDE. Conjugates, pDMs, and aDEs (either in saline or RA
treated) were cultured to late tailbud (stage 28 equivalent) and gene expression
was assayed by RT-PCR. Gene expression was examined by an RT-PCR assay
with EFla as a loading control.
The specification state of the aDE was examined after culture in saline
alone (Figure 3.5B, lane 2; Figure 3.6B, lane 1). Based on the expression of a
series of anteroposterior markers (Figure 3.5B), the aDE was specified to form
cement gland (XAG, (Sive et al., 1989)) and anterior neural tissue including
forebrain and midbrain (otx2 (Blitz and Cho, 1994; Pannese et al., 1995), en2
(Hemmati-Brivanlou et al., 1991)). It also expressed Xash3a (forebrain,
midbrain, hindbrain and spinal cord (Zimmerman et al., 1993)). It did not
express more posterior markers, including Krox-20 (Bradley et al., 1993) ,
HoxAl (Kolm and Sive, 1995a; Sive and Cheng, 1991), HoxD1 (Kolm and Sive,
1995a; Sive and Cheng, 1991), RARo2.2 (Sharpe, 1992a), HoxB9 (Sharpe et al.,
1987; Wright et al., 1990) and HoxA7 (Condie and Harland, 1987; Pownall et al.,
1996)).
The pDM did not express any of the anterior neural specific markers
assayed, including Krox-20, en2, and Xash3a. In contrast, all of the posterior
markers were expressed at a low level in the pDM (Figure 6, lane 1). HoxA7,
was strongly expressed in this tissue. Conjugation of aDE with pDM reduced
expression of XAG (Figure 3.5, lane 3), strongly induced midbrain and
hindbrain markers (en2, Krox-20), and weakly induced a subset of posterior
markers (RARca2.2, HoxB9, HoxA7; Figure 3.5,compare lane 1 to lane3). Xash3a
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expression was not affected, perhaps due to its expression along the entire A/P
axis.
3.2F FGF and RA act in distinct ectodermal domains
Several molecules have been proposed to comprise a posteriorizing
signal during Xenopus neural patterning. These include retinoic acid and FGF.
Both RA and FGF can induce posterior markers in ectoderm that has been
neuralized by defined treatments that include noggin, a dominant negative
activin receptor, or by culture in low salt medium (Cox and Hemmati-
Brivanlou, 1995; Kengaku and Okamoto, 1995; Lamb and Harland, 1995;
Papalopulu and Kintner, 1996; Taira et al., 1997). None of these studies,
however, have examined the effect of these factors on isolated anterior dorsal
ectoderm, a natural substrate for an endogenous posteriorizing signal. We
wished to compare the effects of these factors using aDE as a substrate.
Retinoic acid treatment of the aDE completely prevented expression of
the anterior markers XAG, otx2 and en2 (Figure 3.6, lane2; Figure 3.5, lane 4).
At the same time, more posterior markers including HoxD1, HoxAl, RARoC2.2
and HoxB9 were strongly induced. Krox-20 expression was not significantly
activated. In contrast bFGF treatment (Figure 3.6, lane 3) only weakly repressed
XAG and otx2 expression, but more strongly suppressed expression of en-2.
HoxA7 was not induced by either factor (Figure 3.5, and data not shown).
Interestingly, Xash3a expression was also repressed by RA (Figure 3.5, lane 4),
suggesting that the RA treated ectoderm did not form differentiated posterior
neural tissue.
These data show that RA can strongly suppress all anterior markers,
including those marking the extreme anterior of the embryo. FGF cannot
repress extreme anterior markers but can repress slightly more posterior
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markers. RA can induce some posterior markers (HoxD1, HoxAl, HoxB9), but
not others (HoxA7). Together, the data suggest that RA and FGF act most
efficiently in different regions of the embryo.
3.3 Discussion
We have examined the role of retinoid signaling during anteroposterior
patterning of the Xenopus neurectoderm. Using a dominant interfering
retinoid receptor, we show that the area of the embryo most sensitive to
inhibition of retinoid signaling is the presumptive hindbrain. Retinoid
signaling is required in the ectoderm for the proper response to dorsolateral
mesoderm. Although retinoids can posteriorize the ectoderm, they are not
sufficient for the entire posterior induction process. We present a model
reconciling how FGF and RA, two different posterior inducers, normally act to
pattern the neurectoderm.
3.3A Dominant negative inhibition of retinoid signaling
To activate gene expression in the cell, retinoic acid receptors must first
dissociate from co-repressors, which keep RAR/RXR heterodimers in an
inactive state (Chen and Evans, 1995; H6rlein et al., 1995; Kurokawa et al., 1995;
Schulman et al., 1996). The equivalent C-terminal deletion to RARA in mouse
RARca prevents dissociation from co-repressors upon exposure to RA (Chen
and Evans, 1995). However, these mutant receptors retain the ability to form
heterodimers with RXRs and bind DNA (Chen and Evans, 1995; Damm et al.,
1993; Sharpe and Goldstone, 1997). RARA may therefore act as a dominant
negative either by sequestering RXRs, or by binding as a non-functional
heterodimer to retinoid response elements (RAREs) in the promoters of target
genes.
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Although it is possible that RARA inhibits the action of other steroid
receptors that dimerize with RXR (for example: thyroid hormone receptor) by
sequestering RXRs, it is unlikely that RARA is interfering with these other
signaling pathways. For example, thyroid hormone is not present at significant
levels and its receptor is almost undetectable until metamorphosis (Baker and
Tata, 1990; Banker et al., 1991), and embryos are not sensitive to exogenous
thyroid hormone until that time (Baker and Tata, 1990; Old et al., 1992).
Further, HoxD1 is not induced in animal caps by T3 (Chapter 2, and data not
shown). In fact, these data may indicate that RARA does not function by
sequestering RXRs.
Another related issue is the question of whether RARA specifically
inhibits RARa or elicits its phenotype by inhibiting activity of other RARs. In
cell culture the mouse C-terminal deletion mutant blocks transcriptional
activation by RARa, P and y equally when tested with an artificial RARE
(Damm et al., 1993). However, it has been shown that, in the context of a
promoter, direct targets of RARs respond differently to different receptors
(Boylan et al., 1995; Taneja et al., 1995). It is not known whether RARA equally
inhibits expression of genes normally regulated by RAR c, 3, and y in the
embryo. In the mouse, homologous mutations in single RARs have little
morphological effect; multiple receptors must be inactivated to see alterations
in development (Kastner et al., 1995). This suggests that the function of
multiple receptors is inhibited by RARA.
3.3B Retinoid signaling is required in the future hindbrain
After expression of RARA we observed only minor morphological
effects; however, only large changes in morphology can be assayed by visual
inspection. We used molecular markers to explore the effects of RARA at a
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finer level of resolution. HoxD1 is a very early posterior marker, becoming
expressed in a restricted posterior ectodermal domain by mid-gastrula in an
area corresponding to the future posterior hindbrain (Chapter 2, Figure 2.3).
The area of the embryo most sensitive to exogenous retinoids is the hindbrain,
with repatterning observable at very low doses of RA (Conlon and Rossant,
1992; Marshall et al., 1992; Morriss-Kay et al., 1991; Papalopulu et al., 1991a;
Wood et al., 1994). At early neurula the hindbrain field encompasses most of
the posterior half of the embryo (Keller et al., 1992a). Within this hindbrain
domain, expression of HoxD1 was completely eliminated by RARA.
Additionally, RAR activity in the ectoderm was required for HoxD1 induction
by mesoderm, indicating that either the mesoderm or the induced ectoderm
releases RA to induce HoxD1. The extreme sensitivity of HoxD1 to retinoid
signaling is consistent with our previous data in which we showed attenuation
of HoxD1 expression by overexpression of c-erbA (Chapter 2, Figure 2.7; BKolm
and Sive, 1995a).
Xenopus RARa2.2 has a strikingly similar expression pattern to HoxD1
(Sharpe, 1992a; Chapter 3). It is initially expressed in early neurula embryos,
with a very similar anterior boundary of expression to HoxD1. A significant
difference is that the anterior boundary of HoxD1 is sharply defined, while the
RARo2.2 anterior boundary is diffuse. RARa2.2 is potentially involved in
mediating the retinoid regulation of HoxD1 at neurula stages. The
phenotype observed was complex, with both a decrease in the intensity of Krox
20 staining as well as compression of the two regions of expression, in r3 and r5
(Bradley et al., 1993). The compression of two bands into one thicker band
(Figure 3.3A, panel e) suggested that r4 had been ablated, or that r5 had been
ablated and concomitantly r4 had been posteriorized to an r5 fate. Embryos in
which a single Krox 20 band was present (Figure 3.3A, panel f), appeared to
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contain only r3. We conclude that r3 was not perturbed by RARA since the
spacing between r3 and en did not change. Additionally, the lateral neural
crest staining characteristic of r5 was absent in these embryos. This result is
consistent with experiments from quail, where retinoid-deficient embryos
develop without r4 and r5 (Maden et al., 1996). Our results are also consistent
with a recent study from Blumberg et al (1997), using a RARa2.1 dominant
negative construct. They also induced compression of Krox-20 expression.
However, in contrast to our results, Blumberg and colleagues saw an
additional posterior shift in en-2 expression.
3.3C RARA has no effect on the expression of anterior and posterior markers
RARA overexpression has no effect on the anterior markers XCG and
otx2. This is surprising, since it has been proposed that endogenous retinoids
may help establish the posterior boundary of otx2 expression (reviewed in
Conlon, 1995). Additionally, RARA has no effect on HoxB9 expression,
although HoxB9 can be induced by RA treatment of whole embryos or induced
ectoderm (Figure 3.5; Sive et al., 1990). Blumberg and colleagues (1997) did see
expansion of otx2 expression and repression of HoxB9 expression using a
similar dominant negative construct.
It is unclear what lies behind the discrepancies between our data and
that of Blumberg et al (1997). One possible explanation is that the deletion
mutant of the RARa2.1 gene that was used by Blumberg and colleagues has a
different spectrum of activity that RARA (derived from RARoa2.2). The
expression patterns of RARa2.1 and 2.2 are significantly different (Sharpe,
1992a), suggesting that these genes have different intracellular targets. RARy is
expressed at the anterior and posterior ends of the embryo (Ellinger-
Ziegelbauer and Dreyer, 1991; Ellinger-Ziegelbauer and Dreyer, 1993), and
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spinocaudal inhibition may require inhibition of this receptor. If RARA
selectively inhibits its cognate RARo receptors better than it inhibits RARy,
retinoid signaling would only be inhibited in the regions of the embryo free of
RARy expression (i.e. the hindbrain). The mutant RARa2.1 would then have
to inhibit RAR(x and RARy signaling equally well to explain the different
effects of these two receptors. However, this difference is unlikely to explain
the different phenotypes, since co-expression of RARy rescues the RARA effect
as well as RARa (not shown), indicating that both receptors can compete
equally well for the RARA targets.
A second possibility is that different doses of RARA were used in the two
studies, since the two constructs were cloned into different vectors that may
have allowed different levels of expression. Indeed, he dominant negative
construct used by Blumberg and colleagues gives more complete protection
from the teratogenic effects of RA than we have seen, suggesting that our
construct may have less activity in the embryo.
We conclude that the region of the embryo in which the two studies
observed overlap in RARA-sensitivity is the region in which embryonic tissues
are most sensitive to removing retinoid signaling.
3.3D Retinoids and FGF act in distinct domains of the embryo
A major question in axial patterning is how to reconcile the growing
number of factors that can induce expression of genes normally expressed at
different axial positions with the mechanism of positional specification in the
whole embryo. The prevailing model of A/P patterning suggests that two
signals act together to generate positional values, with the posterior signal
acting in a gradient (reviewed in: Doniach, 1993). The outcome of exposure to
these inducers is a fully formed nervous system. The implication is that a
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single posterior inducer, acting on anteriorly specified ectoderm, is sufficient to
generate position along the A/P axis. RA, FGF and wnt3A have all been
proposed to be posterior inducers, and in a wide variety of assays all have
proven to have some posterior inducing capacity (Cox and Hemmati-
Brivanlou, 1995; Kengaku and Okamoto, 1995; Lamb and Harland, 1995;
McGrew et al., 1995; Papalopulu and Kintner, 1996; Sharpe, 1991; Sive et al.,
1990; Taira et al., 1997). The question then arises as to whether the region of
the embryo in which these inducers act is likely to be similar or different.
Although RA and FGF have similar effects on artificially neuralized
animal cap ectoderm (Cox and Hemmati-Brivanlou, 1995; Kengaku and
Okamoto, 1995; Lamb and Harland, 1995; Papalopulu and Kintner, 1996;
Sharpe, 1991; Sive et al., 1990; Taira et al., 1997), our data show that these factors
have distinct effects on embryonic pattern formation when mid-gastrula
anterior dorsal ectoderm is used as a substrate. While RA can completely block
expression of the anterior markers otx2 and XAG, FGF only weakly represses
their expression. Similarly, RA strongly induces HoxD1 and HoxB9 expression
in aDE, while FGF does not typically induce posterior gene expression. These
alterations in gene expression are similar to those seen in whole embryos
exposed to either exogenous RA or FGF (Cho and DeRobertis, 1990; Pannese et
al., 1995; Pownall et al., 1996; Sharpe, 1991; Sive and Cheng, 1991; Sive et al.,
1990).
The effect of RA and FGF on aDE, together with the effect of these factors
on whole embryos, suggests that different regions of the dorsal ectoderm are
competent to respond to these factors (Figure 3.7A). Embryos are sensitive to
RA from the extreme anterior back through the spinal cord. Genes expressed
in the posterior hindbrain and anterior spinal cord are induced by RA
(including HoxD1 and HoxB9), while more anterior markers (XAG, otx2) are
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repressed. The extreme posterior of the embryo is not sensitive to RA
treatment (Ruiz i Altaba and Jessell, 1991a; Sive et al., 1990). Embryos are
sensitive to FGF from the mid-brain hindbrain boundary (repression of en2)
through the posterior of the embryo, where gene expression (HoxB9, HoxA7)
is induced. The lack of induction of Hox genes by FGF in aDE may reflect the
extreme anterior specification of this tissue, since the anterior of the embryo is
not sensitive to FGF treatment (Pownall et al., 1996).
3.3E A model for posterior neural patterning
We propose that during normal posterior induction, RA and FGF act in
overlapping but distinct embryonic domains (Figure 3.7A). Retinoids ensure
that posterior regions do not express any anterior genes and also activate
expression of genes in the presumptive hindbrain and in the spinal cord. FGF
activates genes expressed in the spinal cord and extreme posterior of the
embryo. In certain regions of the axis where FGF and RA signaling overlap,
the two factors may synergize. This overlapping domain would include the
domain of HoxB9 expression that is weakly induced by RA and FGF but very
strongly induced by both factors given together (Cho and DeRobertis, 1990).
The domains of the embryo in which retinoid and FGF signaling are
most required for proper pattern formation are considerably smaller than the
domains competent to respond to these factors (Figure 3.7A). Retinoid
signaling is required for normal hindbrain patterning, and for expression of
Hox genes with anterior boundaries in this region of the embryo (including
HoxD1, HoxAl, and HoxB1; (Dupe et al., 1997; Frasch et al., 1995; Kolm and
Sive, 1995a; Marshall et al., 1994)). In contrast, FGF signaling is necessary for
some gene expression in the spinal cord (HoxC6 and HoxA7, but not HoxB9;
(Kroll and Amaya, 1996; Pownall et al., 1996)). This is consistent with the
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expression pattern of eFGF, which is confined to the ring around the blastopore
during gastrulation (Isaacs et al., 1992).
It is important to note that retinoic acid and FGF are posterior inducers
without beinh posterior neural inducers (Figure 3.7B). While both factors
cause alterations in pattern formation, they cannot induce neural and cement
gland structures in "naive" ectoderm (Durston et al., 1989; Green et al., 1992;
Ruiz i Altaba and Jessell, 1991a; Sive et al., 1990). RA and FGF induce an array
of patterning genes (including Hox genes) that provide positional information
along the A/P axis (Cho and DeRobertis, 1990; Conlon, 1995; Green et al., 1992;
Kolm and Sive, 1995a; Pownall et al., 1996). This induction occurs in both
neural and non-neural ectoderm. These patterning genes are normally
expressed not only in the neurectoderm, but also in the mesoderm, patterning
both germ layers in a similar fashion (Figure 3.6; (Condie and Harland, 1987;
Green et al., 1992; Kolm and Sive, 1995a; Sharpe et al., 1987)). The dorsal
ectoderm is exposed to a second set of inducing molecules to take on a neural
fate (reviewed in: Sasai and DeRobertis, 1997). It is the combined effect of
neural inducing factors and Hox gene expression that results in the complete
array of A/P specification.
Unlike the Nieuwkoop activation-transformation model, we suggest
that posterior tissue does not require an initial transient anterior specification.
Indeed, neither RA nor FGF can respecify anterior neural tissue to posterior
(Krox-20 expressing) neural tissue as does the posterior dorsal mesoderm,
suggesting that additional signaling molecules are required. Conversely, the
posterior dorsal mesoderm expresses posterior patterning genes (HoxA1,
HoxD1, HoxB9, HoxA7), but does not significantly induce them in the aDE.
The fate maps of vertebrate nervous systems indicate hindbrain and spinal
cord are derived from lateral ectoderm (presumably induced by lateral
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mesoderm), while anterior neural tissue (and floorplate) are derived from
dorsal midline cells (Catala, 1996; Keller, 1976; Quinlan et al., 1995; Woo and
Fraser, 1995). We propose that factors such as FGF and RA induce posterior
patterning genes in the lateral and ventral ectoderm during gastrulation (For
HoxD1 see Chapter 2, 2.3). When these cells converge to the dorsal side of the
embryo, they are exposed to neural inducing signals. It is the combination of
the effects of neural inducers with posteriorly specified tissue that results in a
posterior neural fate. A range of posterior neural fates can thus be specified in
the embryo by a combinatorial array of RA, FGF and other inducing factors.
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Figure 3.1. Overexpression of the dominant negative RARac2 blocks the
teratogenic effects of retinoic acid.
Embryos were injected with the dominant negative RAR (RARA), control
RNA (RARm) or wild-type RAR (RAR), either alone or in combination.
Injected embryos were treated with 1 gM all trans retinoic acid (RA) from early
gastrula (stage. 10.5-11) to early neurula (stage. 13-14). Embryos were then
washed, and cultured in RA-free saline until hatching stages (stage. 32-35).
Data from uninjected, untreated embryos are shown for comparison. A.
Percentage of RA-treated embryos with a given value on the dorso-anterior
index scale (DAI). DAI was determined by the following criteria: DAI<2 had no
head and severely truncated tail structures; DAI=2 embryos had apparent head
structures but no eyes or cement gland; DAI>2 embryos had head structures
including cement gland and sometimes eyes. Solid bars: DAI<2; striped bars:
DAI=2; cross-hatched bars: DAI>2.
B. Percentage of RA-treated embryos with either eyes or cement gland. These
structures were scored as positive even when small or morphologically
abnormal. Solid bars: % embryos with eyes; striped bars: % embryos with
cement gland. One representative experiment is shown. Comparable data was
obtained from five separate experiments.
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Figure 3.2. Overexpression of the dominant negative RARa2 blocks induction
of HoxD1 and HoxAl by retinoic acid.
A. Both cells of a two cell embryo were injected with either the dominant
negative RAR (RARA) or control RNA (RARm). Animal caps (AC) were
isolated at stage 10 and were treated with 2x10- 7M RA for 7 hours, until control
embryos reached stage 14.
B. Induction of HoxD1 and HoxAl was determined by RT-PCR. EFlao
expression was used as a control. Lane 1: uninjected, untreated; lane 2:
uninjected, RA treated; lane 3: RARA injected, untreated; lane 4: RARA
injected, RA treated; lane 5: RARm injected, untreated; lane 6: RARm injected,
RA treated.
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Figure 3.3. Overexpression of dominant negative RARa2 blocks expression of
HoxD1 and alters Krox-20 staining.
A. Albino embryos were microinjected with a mixture of P-galactosidase mRNA
(as a tracer) and either globin, mutant RAR (RARm), or dominant negative
(RARA) mRNA in one blastomere of a 2-cell embryo as described in Materials
and Methods . Embryos were allowed to develop to either late gastrula-early
neurula (stage 12.5 - 13) or mid-neurula (stage 15-16). B. Expression of RARa2.2
and HoxD1 was compared in early neurula embryos a. Stage 13 uninjected
embryo, RARa2.2 probe b. Stage 13 uninjected embryo, HoxD1 probe. c. Stage 22,
RARa2.2, Krox-20, en2 mixed probe, lateral view, anterior left. C. Expression of
ectodermal markers in injected embryos was examined by whole-mount in situ
hybridization. All are dorsal views, except g. which is a ventro-anterior view.
Anterior is at the bottom. a. Stage 13 embryo, RARm injected, HoxD1 probe.
Arrow: P-gal staining. h. Stage 13 embryo, RARA injected, HoxD1 probe. Arrow:
P-gal staining. c.- f. Closed arrows: Krox-20 expression; open arrows: en-2
expression. c. Stage 15 embryo; globin injected; engrailed, Krox-20, XCG mixed
probe. Closed arrows indicate Krox-20 expression in r3 and r5; open arrow
indicates en2 expression. d. Stage 15 embryo; RARm injected; engrailed, Krox-20,
XCG mixed probe. Closed arrows indicate Krox-20 expression in r3 and r5, open
arrow: en2 expression. e Stage 16 embryo; dominant negative RARA injected;
engrailed, Krox-20, XCG mixed probe. Closed arrow: single Krox-20 expression
band, open arrow: en2 staining. f Stage 15 embryo; dominant negative RARA
injected; engrailed, Krox-20, XCG mixed probe. Closed arrow: single Krox-20
expression band, open arrow: en2 staining. g Stage 15 embryo; dominant negative
RARA injected; XCG probe. Arrow: XCG staining. h. Stage 15 embryo; RARA
injected; otx2 probe. Arrow: P-gal staining over otx2. i. Stage 15 embryo; RARA
injected; HoxB9 probe. Arrow: P-gal staining over HoxB9.
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Figure 3.4. Overexpression of dominant negative RARoc2 blocks induction of
HoxD1 by mesoderm.
A. Both cells of a two cell embryo were injected with either the dominant
negative RAR (RARA) or control RNA (RARm). Animal caps (AC) were
isolated at late blastula (stage 9) and conjugated with stage 12 dorsolateral
involuted mesoderm (DLM) from FLDX injected embryos. Conjugates were
cultured until siblings of the animal caps had reached early neurula (stage 14).
B. HoxD1 expression was visualized by whole mount in situ hybridization
(purple stain). DLMs were visualized using an anti-fluoroscein antibody (blue
stain). a. RARm injected animal caps. b. RARA injected animal caps. c. RARm
injected animal caps conjugated with DLM. Arrows indicate HoxD1
expression. d. RARA injected animal caps conjugated with DLM.
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Figure 3.5. Midgastrula posterior mesendoderm posteriorizes anterior dorsal
ectoderm.
A. Anterior dorsal ectoderm (aDE) was isolated from mid-gastrula (stage 11.5)
embryos, as indicated on diagram. Explants were either conjugated to posterior
dorsal mesoderm (pDM) or incubated in 10-6 M retinoic acid (RA) until control
embryos reached stage 28. RNA was prepared from explants as described in
Material and Methods. bl: blastopore, bp: blastopore.
B Analysis of gene expression by RT-PCR. The diagram on the right indicates
the relative A/P position of expression of the tested markers, including XAG
(cement gland), engrailed (midbrain-hindbrain boundary), Xash3a (forebrain,
midbrain, hindbrain, spinal cord), Krox-20 (rhombomeres 3 and 5 of
hindbrain), HoxD1 (anterior boundary at r4/5 boundary in hindbrain),
RARa2.2 (anterior boundary posterior to r5 in hindbrain), HoxB9 (spinal cord),
HoxA7 (spinal cord). EFla was used as a control. Lane 1: pDM, lane 2: aDE,
lane 3: aDE plus pDM, lane 4: aDE plus RA, lane 5: whole embryo.
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Figure 3.6 Retinoic acid can posteriorize gene expression in isolated anterior
dorsal ectoderm.
A. Anterior dorsal ectoderm (aDE) was isolated from mid-gastrula (stage 11.5)
embryos, as indicated on diagram. Explants were incubated in either 10-6 M
retinoic acid (RA) or 0.25 ýtg/ml bFGF until control embryos reached stage 28.
RNA was prepared from explants as described in Material and Methods. bl:
blastopore, bp: blastopore.
B. Analysis of gene expression by RT-PCR. The diagram on the right indicates
the relative A/P position of expression of the tested markers, including XAG
(cement gland) otx2 (cement gland, forebrain, midbrain), engrailed (midbrain-
hindbrain boundary), Krox-20 (rhombomeres 3 and 5 of hindbrain), HoxD1
(anterior boundary at r4/5 boundary in hindbrain), RARa2.2 (anterior
boundary posterior to r5 in hindbrain), HoxB9 (spinal cord). EFla was used as a
control. Lane 1: untreated aDE, lane 2: aDE plus RA, lane 3: aDE plus bFGF,
lane 4: whole embryo.
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Figure 3.7. Model of RA and FGF function in the embryo.
RA and FGF pattern overlapping domains of the dorsal ectoderm. At the top
of the diagram is a schematic diagram of the dorsal ectoderm at the end of
gastrulation. CG: cement gland, FB: forebrain, MB: midbrain, HB: hindbrain,
SC: spinal cord.
A. A broad region of the embryo is sensitive to RA treatment. Genes expressed
from the presumptive cement gland to the middle of the presumptive
hindbrain are repressed by RA (gray line), more posterior genes are induced by
RA (striped line). The most posterior domain of the embryo is not sensitive to
RA treatment. Genes from the midbrain-hindbrain boundary posterior to the
anterior spinal cord are repressed by exogenous FGF (gray line). Genes
expressed in the presumptive spinal cord to the posterior end of the embryo
are induced by FGF (striped line). A smaller domain of the embryo is
dependent on RA signaling for expression; this includes the hindbrain caudal
to rhombomere 4 and potentially the anterior spinal cord (black line). The
domain of the embryo dependent on FGF signaling spans from the anterior
spinal cord to the posterior of the embryo (black line).
B. RA and FGF induce posterior genes through two independent pathways.
One set of genes is induced in ectoderm independent of the other signals the
tissue has been exposed to (such as RA induction of HoxD1), and occurs on
both the dorsal and ventral sides of the embryo. A second set of posterior
genes is only induced when the ectoderm is exposed to neural inducing signals
in addition to posteriorizing signals. It is not clear whether the neural
induction-independent class of genes regulate neural induction-dependent
posterior genes. The expression of both sets of genes is necessary for
specification of the posterior nervous system on the dorsal side of the embryo.
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Chapter 4: HoxD1 cooperates with Pbx to modulate ectodermal
patterning
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4.1 Introduction
Vertebrate Hox genes are found in four homologous clusters related to the
Drosophila Antennapedia and Bithorax complexes. In the fly, these have been
shown to specify position along the anteroposterior axis (reviewed in: Lawrence
and Morata, 1994). Similarly, studies in the mouse in which Hox genes have either
been overexpressed or eliminated by homologous recombination confirm that Hox
genes also mediate vertebrate axial patterning (reviewed in: (Maconochie et al.,
1996). The labial family of Hox genes (paralogue group 1) include HoxA1, HoxB1,
and HoxD1. These genes are required for normal mouse hindbrain patterning
(Chisaka et al., 1992; Doll4 et al., 1993; Goddard et al., 1996; Lufkin et al., 1991;
Mark et al., 1993; Studer et al., 1996). The function of these genes has not been
analyzed in other vertebrates.
Hox proteins function as transcriptional regulators. Although the Hox class
of homeodomains can bind DNA and act as transcriptional activators in cell
culture, the function of these proteins in the embryo is more elusive . Few
downstream targets of Hox proteins in vertebrates have been defined, but they
include cell-adhesion molecules as well as other Hox genes (reviewed in: Edelman
and Jones, 1993). The alteration of cell-adhesion molecule expression could
modulate both cell morphology and migration (reviewed in: Cunningham, 1995;
Newman, 1996). Functionally, it appears that the role of at least some Hox
proteins is to modulate cell proliferation (reviewed in: Duboule, 1995). The
readout of this regulation could be changes in morphology such as the shape of
vertebrae in the spinal column, pattern of the developing limb or the size of the
hindbrain (Duboule and Morata, 1994).
The only direct target known for labial-like Hox genes is an element found
in mouse, pufferfish, and chicken HoxB1 regulatory regions (P6pperl et al., 1995).
This element functions in Drosophila as a labial dependent enhancer (Chan et al.,
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1996; Chouinard and Kaufman, 1991; Tremml and Bienz, 1992). Recent studies
have shown that labial and vertebrate labial orthologues require a cofactor for
efficient DNA binding (Chan et al., 1996; Chang et al., 1995; Knoepfler and Kamps,
1995; Shen et al., 1996). A second homeodomain-containing protein, Pbx, is able to
cooperatively bind DNA with a number of homeodomain containing proteins,
including those of the labial family. These heterodimers also have a much greater
DNA-binding specificity than the homeodomains alone (reviewed in; Mann and
Chan, 1996).
The HoxB1 autoregulatory element contains three copies of the optimal
DNA sequence for labial Hox protein-Pbx heterodimer binding (Lu and Kamps,
1997; P6pperl et al., 1995; Shen et al., 1996). Cooperative binding with Pbx on this
element has been demonstrated for both human HoxAl and mouse HoxB1 in vitro
(Chan and Mann, 1996; Chan et al., 1996; Lu and Kamps, 1997; P6pperl et al., 1995;
Shen et al., 1996). When a reporter construct with this element is overexpressed in
Drosophila embryos, it recapitulates a portion of normal labial gene expression,
which is dependent not only on a functional labial gene, but also Pbx (Chan et al.,
1996; Mann and Abu-Shaar, 1996; P6pperl et al., 1995). These studies suggest that
the activity of labial and the labial family of Hox proteins can be restricted by the
presence of Pbx protein (for example see (Aspland and White, 1997; Mann and
Abu-Shaar, 1996)).
In Xenopus the labial-like Hox gene, HoxD1, is expressed early during
gastrulation in the posterior ectoderm and mesoderm (Kolm and Sive, 1995a;
1995b; Chapter 2). This gene is one of the earliest markers of the posterior
neurectoderm. The anterior limit of HoxD1 expression at early neurula lies at the
presumptive rhombomere 4/5 boundary of the hindbrain. This expression long
preceeds the formation of rhombomere boundaries, or the expression of
rhombomere-specific markers such as Krox-20.
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In this study we have addressed the function of HoxD1 during Xenopus
development. We demonstrate that overexpression of HoxD1 induces ectodermal
proliferation. This proliferation disrupts pattern formation in the hindbrain, as
well as cement gland formation and epidermal differentiation. Further we show
that HoxD1 cooperates with the homeodomain protein Pbx to activate
transcription in a reporter assay using the HoxB1 autoregulatory element.
Construction of a hormone-inducible HoxD1 by fusion to GR ligand binding
domain causes HoxD1 to become absolutely dependent on Pbx for activity. We
have isolated a Xenopus Pbx homologue and show that it is expressed
predominantly dorsally and anteriorly. The posterior domain of Pbx expression
overlaps the anterior domain of HoxD1 expression, potentially limiting its function
to the anterior portion of its domain.
4.2 Results
4.2A Overexpression of Xenopus HoxD1 alters ectodermal patterning and
stimulates proliferation
To help define the function of Xenopus HoxD1, we performed gain of
function assays by injecting HoxD1 mRNAs into early embryos. HoxD1 mRNA
was injected into one cell of the A tier of 32-cell embryos, with [-galactosidase (3-
gal) mRNA as a lineage tracer. These cells are all fated to become ectodermal
structures, including anterior neural tissue, cement gland and epidermis (Dale and
Slack, 1987a; Moody, 1987). Embryos were allowed to develop to late neurula
(stage 18-19), and stained for P-gal activity (light blue spots) to localize the region
of HoxD1 overexpression (Fig. 4.1A). Embryos injected with HoxD1 in this
manner gastrulate and neurulate normally (Fig 4.1B). However, an increase in the
tissue mass of [-gal positive cells is seen in HoxD1 injected embryos relative to
controls. In the lateral and ventral ectoderm, this is seen as a "bumpy", rather than
a "diffuse" P-gal staining pattern. In the dorso-anterior region of the embryo, this
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is seen as extra tissue lying on top of (or between) the neural folds (Fig. 4.1B).
Patterning of the nervous system in injected embryos was analyzed by
whole mount in situ hybridization (Harland, 1991). Embryos were probed for
XCG (cement gland-specific (Sive et al., 1989)), engrailed2 (en2; midbrain-
hindbrain boundary (Hemmati-Brivanlou et al., 1991)), and Krox-20 (rhombomeres
3 (r3) and 5 (r5) of the hindbrain (Bradley et al., 1993)) together. Marker expression
in control injected embryos was unaffected (Fig. 4.1B, panels a, d). HoxD1 injected
embryos showed a disruption of Krox-20 staining, particularly in r5 (Fig 4.1, panels
b, c; Table 4.1). This disruption occasionally lead to ectopic domains of Krox-20
expression lateral to the neural plate (26% of embryos with lateral P-gal stain also
had lateral Krox-20 expression). It is not known whether this comprises the neural
or neural crest component of Krox-20 expression (Bradley et al., 1993). In some
embryos there was additional loss of the Krox-20 expression in r3 and/or en2
expression (Fig 4.1 panel c). When P-gal is localized in the anterior of the embryo,
the XCG expression domain is frequently ablated (Fig 4.1, panels e, f; Table 4.1).
Embryos were also assayed for otx2 (cement gland, forebrain (Blitz and
Cho, 1994; Pannese et al., 1995)), AP2 (neural crest and sensorial layer of the
epidermis (Winning et al., 1991)) and NCAM (general neural (Kintner and Melton,
1987)) expression (Table 4.1). Otx2 expression was ablated in 50% of the embryos
with P-gal expression overlapping its normal expression domain. However,
neither AP2 or NCAM expression were significantly affected by HoxD1.
Expression of these genes appeared normal, even when lying under ectopic
HoxDl-induced tissue.
Differentiation of the epidermis was assayed by expression of XK81 (Jonas
et al., 1985). By late neurula (stage 19) the neural folds have almost completely
closed, with XK81 negative tissue (neural and cement gland) only exposed at the
extreme anterior and posterior ends of the embryo (Fig. 4.1 panels g-i). Expression
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was unaffected in control injected embryos, in which the f3-gal staining was almost
completely obscured by XK81 positive cells (Fig 4.1 panel g). In HoxD1 injected
embryos, the P-gal stained region was completely clear of XK81 expressing cells
(Fig 4.1, panels h, i; Table 4.1). It is unlikely that these cells had been lost during
development, since there is no loss of the pigmented surface epithelial cells that
normally express XK81 in injected embryos (Fig 4.1 panel k, 1).
The "clumps" of cells observed in HoxD1 injected embryos could be due to
either aggregation or proliferation of ectodermal cells. To distinguish between
these possibilities, HoxD1 injected embryos were allowed to develop to late
neurula (stage 18-19) either untreated or in the presence of hydroxyurea and
aphidicolin (HUA). HUA prevents proliferation by blocking DNA replication
(Ikegami et al, 1978; Maurer-Schultze, et al., 1988). The Xenopus neural plate goes
through two rounds of cell division, at early neurula (stage 13-15) and late neurula
(stage 18) and the epidermis divides several times during this period, so that
embryos treated with HUA have smaller neural folds and larger epidermal cells,
but are otherwise have largely normal morphology (Harris and Hartenstein, 1991;
Hartenstein, 1989). HoxD1 injected, HUA-treated embryos had no clumps as
evidenced by much more diffuse P-gal staining (compare Fig. 4.1 panel k and 1),
than untreated embryos, suggesting that HoxD1 stimulated proliferation.
These data were consistent with loss of anterior specification (XCG, otx2) in
HoxD1 injected embryos. HoxD1 also disrupted Krox-20 expression, often
expanding its expression domain laterally. Additionally, HoxD1 stimulated
proliferation without an increase in epidermal (XK81), neural (NCAM) or neural
crest (AP2) tissue, suggesting that this tissue was undifferentiated.
4.2B HoxD1 cooperates with PBX1 to activate transcription
To better define the mechanism by which HoxD1 alters ectodermal pattern,
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Table 4.1: Overexpression of HoxD1 alters ectodermal patterning
Overlapping expressiond Non-overlapping
(%) expressionf (%)
Markera Injected nc I. II. m. IV . V.
mRNAb No effect Ablation othere ectopic No effect
Krox-20 CAT 46 15 (100) 0 0 0 31 (100)
HoxD1 191 23 (33) 44 (64)8 2 (3)h 32 (26) 90 (74)
XCG 1-gal 68 24 (96) 1 (4)i  Oj 0 43 (100)
CAT 74 8 (73) 1 (11) 2 (22) 0 54 (100)
HoxD1 222 4 (6) 45 (66) 19 (28) 0 154 (100)
otx2 CAT 36 17 (100) 0 0 0 19 (100)
HoxD1 42 8 (50) 8 (50) 0 0 28 (100)
NCAM CAT 49 28 (100) 0 0 0 21 (100)
HoxD1 30 15 (83) 1 (6) 2(11) 0 32 (100)
AP2 CAT 12 3 (100) 0 0 0 9 (100)
HoxD1 10 4 (100)k 0 0 0 6 (100)
XK81 CAT 62 55 (100) 0 0 0 7 (100)
HoxD1 49 5 (13)k,1  33 (87) 0 0 11 (100)
a. Marker expression was assayed by whole mount in situ hybridization.
b. 0.5 ng of either control (CAT, 13-gal) or HoxD1 mRNA was injected into 1 A tier cell of a 32-cell
embryo
c. Total number of embryos assayed from 2-4 independent experiments (except for AP2, which was
from a single experiment).
d. Overlapping expression of the injected mRNA and the marker assayed was determined by 1-gal
staining. The percentage of embryos with overlapping expression exhibiting a given phenotype is
indicated in parentheses.
e. Krox20: general disruption of expression; XCG: skewing of cement gland towards one side.
f. Non-overlapping expression of the injected mRNA and the marker assayed was determined by 13-
gal staining. The percentage of embryos with no-overlapping expression exhibiting a given
phenotype is indicated in parentheses.
g. Disruption of Krox-20 expression without ectopic expression
h. Elongation of r5 expression, or other ectopic expression.
i. Includes ablation or splitting of the cement gland
j. Includes skewing of the cement gland
k. Widened neural folds were seen in HoxD1 injected embryos with dorsal P1-gal staining. AP2
probed: 3 embryos; XK81 probed: 4 embryos
I. Two of these embryos (9% of embryos with overlapping expression) had partial XK81 ablation.
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we asked whether HoxD1 overexpression could activate transcription. An element
from the mouse HoxB1 promoter (rpt3) drives expression in rhombomere 4 of
transgenic mice (P6pperl et al., 1995). Both HoxAl and HoxB1 induce expression
of a reporter gene via this element (P6pperl et al., 1995; Zhang et al., 1994).
Additionally, this enhancer drives expression from a reporter in Drosophila
embryos in a labial-dependent fashion (Chan et al., 1996). Since HoxAl, HoxB1
and labial have homeodomain sequences almost identical to that of HoxD1 (see
Figure 2.1, (Btirglin, 1994)), we tested a construct containing 3 copies of the rpt3
enhancer linked to a minimal adenovirus major late promoter (MLP, (Carthew et
al., 1985)) and chloramphenicol acetyl transferase (CAT). Since expression using
this element is dependent on intact labial and Pbx genes in Drosophila embryos
(Chan et al., 1996), we tested the effect of both HoxD1 alone and together with
human PBX on its activity.
HoxD1 mRNA, human PBX1 mRNA, or both mRNAs were injected into one
cell of a two cell embryo along with the rpt3 promoter construct. As a control, a
reporter construct with a point mutation in the rpt3 sequence (rpt3*) which
abolishes activity in transgenic mice and Drosophila was also injected (P6pperl et
al., 1995; Chan et al., 1996). Embryos were harvested at early gastrula (stage 10.5),
late gastrula (stage 12.5) or mid-neurula (stage 16), and assayed for CAT activity
(Fig 4.2). The rpt3 reporter construct injected alone is activated by late gastrula
stages, presumably by endogenous Hox and Pbx proteins. The level of expression
from the reporter alone increased as gastrulation proceeded, presumably due to
the increase in endogenous HoxD1 and Pbx expression. The fold induction by the
injected mRNAs was calculated relative to this level of CAT activity.
HoxD1 alone was able to induce CAT expression at early gastrula.
Induction was 3 fold at early gastrula, and increased to 5-fold at late gastrula. The
HoxDl-induced level of CAT activity was barely above the level of the reporter
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alone at mid-neurula, presumably because the level of endogenous Hox proteins
had increased sufficiently by this stage to no longer be a limiting factor in reporter
activation. PBX cooperated with HoxD1 at all stages to increase the level of CAT
activity, but, like HoxD1 alone, the induced level decreased as the level of
autonomous CAT activity increased. PBX increased the CAT induction by HoxD1
5-fold at early gastrula (to 14-fold above background), 1.5-fold at late gastrula (to
8-fold above background), and 2-fold at mid-neurula (to 3-fold above background).
PBX alone repressed CAT activity 2.5 -4-fold. There was no CAT activity when
the mutant reporter construct was injected, either alone or together with HoxD1
and PBX mRNA.
These data support the hypothesis that HoxD1 is a transcriptional activator,
with PBX acting as a cofactor. In the absence of injected PBX, HoxD1 presumably
cooperates with endogenous factors. PBX did not activate expression, suggesting
that Hox proteins were limiting in the embryo. Consistent with these results,
coinjection of PBX RNA does not significantly alter the ectodermal phenotypes of
HoxD1 overexpression (data not shown).
4.2C An inducible HoxD1 protein is dependent on coexpression with PBX
Injection of mRNA into cleavage stage embryos allows high levels of
protein expression much earlier in development that the normal expression of
HoxD1. To limit the expression of ectopic HoxD1 to the period of endogenous
HoxD1 expression, we made a fusion of the HoxD1 coding region to the
glucocorticoid receptor ligand binding domain (GR). Such a fusion protein can be
rapidly induced in Xenopus embryos by the addition of the glucocorticoid agonist,
dexamethasone (Dex; Appendix A; Kolm and Sive, 1995b; Mattioni et al., 1994). A
similar fusion was made to PBX (Fig. 4.3). These constructs were tested in the rpt3
reporter assay described above.
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Embryos were injected with either PBX-GR mRNA, HoxD1-GR mRNA, or
both mRNAs together. At late blastula (stage 9) half of the embryos were
transferred to Dex-containing saline. At early gastrula (stage 10.5) , late gastrula
(stage 12.5), or mid-neurula (stage 16) pools of 5-10 embryos were harvested and
assayed for CAT activity. As shown in Fig. 4.4 neither HoxD1-GR, nor PBX-GR
stimulated CAT activity alone, while together there was a large stimulation of Dex-
dependent CAT activity. The fold induction (both relative to rpt3 injected alone,
and mRNA injected embryos not treated with Dex) increased as development
proceeded. Disruption of the C-terminus of HoxD1 by GR (Fig. 4.3) apparently
increased the dependence of HoxD1 on high levels of exogenous PBX for activity.
4.2D HoxD1-GR and PBX-GR stimulate proliferation
One of the primary phenotypes of HoxD1 overexpression is the stimulation
of proliferation. We wished to determine whether HoxD1-GR was also able to
stimulate proliferation, either alone or together with PBX-GR. Embryos were
injected in 1 of 32-cells with either HoxD1-GR alone (Fig. 4.5, panels a-c), PBX-GR
alone (Fig. 4.5, panels d-f), or both mRNAs together (Fig. 4.5, panels g-i). Embryos
either to developed in saline, were treated with Dex at late blastula (stage 9), or
were treated with both Dex at late blastula and HUA at early gastrula (stage 10.25).
Embryos were harvested at late neurula (stage 18-19) and mRNA localization was
determined by f3-gal staining. HoxD1-GR alone had little effect on the injected
cells (Panels a-c). PBX-GR alone or together with HoxD1-GR did induce clumping
of injected cells in Dex-treated embryos, with the phenotype more pronounced
when both mRNAs were injected (compare E to H). When embryos were treated
with HUA, the clumping in PBX-GR injected embryos remained, suggesting that it
was due to aggregation of cells rather than proliferation. In contrast, clumping of
cells embryos injected with both HoxD1-GR and PBX-GR dispersed when treated
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with HUA, suggesting that these two genes together cooperated to stimulate
proliferation, acting as the intact HoxD1 does alone.
4.2E HoxD1-GR cooperates with PBX-GR to alter ectodermal patterning
To determine whether HoxD1-GR can cooperate with PBX-GR to alter gene
expression in the ectoderm, embryos were injected in one cell of the A tier at the
32-cell stage with either HoxD1-GR (Fig. 4.6A) or PBX-GR (Fig. 4.6B) alone, or both
mRNAs together (Fig. 4.6C). P-gal mRNA was coinjected as a lineage tracer. One
half of the embryos were treated with Dex beginning at late blastula (stage 9) until
they were harvested at late neurula (stage 18-19). Gene expression was assayed by
whole mount in situ hybridization.
To determine the pattern of the neurectoderm along the A/P axis embryos
were probed for XCG, en2 and Krox-20 together or Krox-20 alone. There was no
change in the expression of any of these markers in untreated embryos (Fig 4.6A,
panel a; B, panel a, d, g; C, panel a, d, g and Table 4.2). Addition of Dex had no
effect on HoxD1-GR injected embryos (A, panels b, c). Dex treatment of PBX-GR
injected embryos induced either widening (B, panels e, h, i) or lengthening (B,
panels b, c, f) of the Krox-20 rhombomere 5 domain of expression. En2 and the
rhombomere 3 expression of Krox-20 were unaffected (B, panels b, c, e, n, f, i).
Strikingly, Dex-treated embryos injected with both homeodomain genes showed a
high level of ectopic Krox-20 expression, both within the hindbrain and
immediately lateral to it (C, panels b, c, e, f, h, i and Table 2). This ectopic
expression was also occasionally seen ventrally (data not shown). Like
overexpression of HoxD1 alone, both PBX-GR and PBX-GR + HoxD1-GR caused
skewing or splitting of the cement gland (Table 4.2, and data not shown).
A second neurectodermal marker, sekl (also called pagliaccio; (Winning
and Sargent, 1994; Xu et al., 1995)), was also analyzed in injected embryos. Sekl is
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expressed in rhombomeres 3 and 5, the adjacent splanchnic mesoderm of the
visceral pouches (s in B and C panel j), forebrain, and cement gland. Like Krox-20,
the rhombomere 5 expression of sekI was either elongated or widened in Dex-
treated PBX-GR injected embryos (B, panels k, 1). Ectopic sekl was also seen in
PBX-GR + HoxD1-GR injected, Dex treated embryos (C, panels k, 1). Additionally,
the splanchnic mesoderm component of sekl staining appeared in a patch, rather
than a long line of cells, suggesting that the formation of the visceral pouches had
been disrupted. No significant change in the expression of the neural marker,
NCAM, and neural crest markers slug and AP-2 were seen (Table 4.2).
Finally, XK81 expression was examined in injected embryos. HoxD1-GR
has no effect on XK81 expression in either the presence or absence of Dex (Table 4.2
and data not shown). PBX-GR overexpression causes loss of XK81 expression in
small patches of cells (B, panels n, o). Finally, like regions of HoxD1
overexpression, HoxD1-GR + PBX-GR injected cells in Dex treated embryos do not
express XK81.
Taken together, these data indicate that the hormone inducible HoxD1-GR
functions like the wild-type HoxD1 gene only when co-expressed with PBX-GR.
PBX-GR alone can weakly alter pattern, presumably by interacting with
endogenous Hox proteins.
4.2F Isolation of Xenopus Pbx.
Since HoxD1 cooperated with PBX, both in the rpt3 reporter assay and in
alteration of ectodermal patterning, it became important to determine the
expression pattern of Xenopus Pbx. There are three different PBX genes in humans,
PBX-1, -2, and -3. They are extremely similar in the central portion of the protein
sequence that includes the homeodomain. To isolate Xenopus Pbx we designed
degenerate primers to this conserved domain (Fig. 4.7). This PCR product was
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Table 4.2: HoxD1-GR cooperates with PBX-GR to alter ectodermal patterning
Overlapping expressione Non-overlapping
(%) expressiong (%)
Markera Injected DexC nd I. II. III. IV. V.
mRNAb No effect Ablation other f  ectopic No effect
Krox-20 D1-GR - 61 24 (92) 2 (8 )h 0 3 (9) 32 (91)
+ 49 21 (75) 3 (1 1 )h 4 (14) 8 (38) 13 (62)
PBX-GR - 67 31 (94) 2 (6 )h 0 0 34 (100)
+ 70 3 (19) 9 (5 6 )h 4 (25) 30 (56) 24 (44)
D1-GR + - 66 37(93) 2 (5)h 1 (3) 1 (4) 25 (96)
PBX-GR + 88 1 (2) 1 (2 )h 41 (95) 26 (58) 19 (42)
XCG D1-GR - 40 10 (91) 0 1 (9) 0 29 (100)
+ 45 11 (85) 1 (8) 1 (8) 0 32 (100)
PBX-GR - 31 1 (50) 1 (50) 0 0 29 (100)
+ 34 0 9 (56) 7(44) 0 18 (100)
D1-GR + - 29 3 (38) 2 (25) 3 (38) 0 21 (100)
PBX-GR + 46 2 (11) 4 (21) 13 (68) 0 27 (100)
NCAM D1-GR - 15 4 (100) 0 0 0 11 (100)
+ 17 6 (100) 0 0 0 11 (100)
PBX-GR - 13 2 (100) 0 0 0 11 (100)
+ 10 0 0 0 0 10 (100)
D1-GR + - 14 8 (100) 0 0 0 6 (100)
PBX-GR + 12 3 (67) 1 (33) 0 0 8 (100)
AP2 D1-GR - 15 3 (100) 0 0 0 12 (100)
+ 17 3 (100) 0 0 0 14 (100)
PBX-GR - 15 8 (100) 0 0 0 14 (100)
+ 15 7 (100) 0 0 1 (8) 13 (92)
D1-GR + - 14 9 (100) 0 0 0 6 (100)
PBX-GR + 24 4 (100) 0 0 1 (5) 19 (95)
Slug D1-GR + - 20 11 (100) 0 0 0 9 (100)
PBX-GR + 21 12 (86) 2 (14) 0 0 7 (100)
XK81 D1-GR - 26 21 (100) 0 0 0 5 (100)
+ 27 21 (95) 1(5) 0 0 5 (100)
PBX-GR - 17 12 (100) 0 0 0 5 (100)
+ 19 2 (18) 9 (81) 0 0 8 (100)
D1-GR + - 23 15 (100) 0 0 0 8 (100)
PBX-GR + 24 0 15 (100) 0 0 9 (100)
a. Marker expression was assayed by whole mount in situ hybridization.
b. 0.2 ng of 1 mRNA was injected into 1 A tier cell of a 32-cell embryo
c. Embryos were treated with 1x10 - 5 M Dexamethasone beginning at late blastula (stage 9).
d. Total number of embryos assayed from 1-4 independent experiments.
e. Overlapping expression of the injected mRNA and the marker assayed was determined by P-gal
staining. The percentage of embryos with overlapping expression exhibiting a given phenotype is
indicated in parentheses. Percentages may not add up to 100 due to rounding.
f. Krox-20: ectopic staining; elongation of r5 for PBX-GR and diffuse ectopic staining for D1-
GR+PBX-GR. XCG: skewing of cement gland. See figure 4.5.
g. Non-overlapping expression of the injected mRNA and the marker assayed was determined by
P-gal staining. The percentage of embryos with no-overlapping expression exhibiting a given
phenotype is indicated in parentheses.
h. General disruption of Krox-20 staining
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then used as a probe to screen a mid-gastrula dorsal ectoderm library (R.
Nandagopal and P. Kolm, unpublished). Two nearly identical clones of PBX were
isolated. The longer cDNA clone was 4 kb long, similar to the length of the
endogenous mRNA (Figure 4.8). There were nine nucleotide differences between
the two clones which did not affect the putative protein sequence, suggesting that
these were a and b copies (Kobel and DuPasquier, 1986). The protein sequence of
Xenopus Pbx is most similar to the human PBX-2 protein, especially at the C-
terminal end (Fig. 4.7). However this protein is unique in its N-terminal domain,
making it difficult to classify as any particular Pbx protein. It is not clear from this
screen whether Xenopus contains only one or multiple Pbx genes.
4.2G Expression of Xenopus Pbx
The temporal expression of Xenopus Pbx was determined by Northern
hybridization. There was significant maternal Pbx expression both in the egg and
during cleavage stages (Fig 4.8, lane 1 and data not shown). After the onset of
zygotic gene expression at the mid-blastula transition (Stage 8.5) the overall level
of Pbx increased and peaked in late gastrula. There was one primary transcript of
roughly 4 kilobases throughout development. This was approximately the size of
the larger Pbx cDNA clone.
The expression pattern of vertebrate Pbx genes has not been closely
examined in any species. Using older embryos or adult tissue, expression has been
detected in a wide range of cell types (Kamps et al., 1990; Monica et al., 1991;
Roberts et al., 1995). We determined the expression pattern of Xenopus Pbx by
whole mount in situ hybridization. Expression was first detected in early gastrula
embryos as diffuse staining throughout the animal pole. Earlier expression may
not have been visible due to the high yolk content of cleavage-stage blastomeres.
As gastrulation proceeded, the expression pattern was refined, such that there was
a higher level of expression on the dorsal side of the embryo (Fig. 4.9 A, B). By late
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gastrula/early neurula, expression was restricted to the dorsal and anterior regions
of the embryo, with a narrow gap in expression at the dorsal midline (Fig. 4.9 C,D).
This general expression pattern was maintained throughout neurula stages, with
the exception of the region of the developing cement gland, which did not express
Pbx (Fig. 4.9 E, F; Fig. 4.10 A, B).
Interestingly, the posterior limit of Pbx expression at early neurula was
within the presumptive spinal cord, such that the anterior domain of HoxD1
expression overlapped the posterior domain of Pbx expression (Fig 4.9 I, J). The
activity of endogenous HoxD1 may be limited to this region where its expression
overlaps with Pbx.
In hatching stage embryos, Pbx was expressed in discrete regions of the
fore, mid and hindbrain as well as the spinal cord (Fig. 4.9 G, H; Fig. 4.10 C,D).
There was additional expression in the branchial arches, and lateral regions of the
embryo that appear to correspond to the developing pronephros. At these stages
otx2 was expressed in the cement gland (Fig 4.10, arrow), forebrain, midbrain, and
eye (panels B, D). While Pbx was excluded from the cement gland, it was present
in the forebrain and eye. The gap in Pbx expression was posterior to the posterior
boundary of otx2, placing it within the anterior hindbrain (compare panels C, D).
4.3 Discussion
We have shown that Xenopus HoxD1 cooperates with Pbx to stimulate
transcription, induce proliferation, and alter the patterning of ectodermal
derivatives. Xenopus Pbx is expressed in the dorso-anterior region of the embryo,
and may restrict HoxD1 activity to this domain.
4.3A HoxD1 and PBX cooperate to activate transcription
The regulation of Hox protein DNA binding specificity is modulated by
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dimerization with Pbx. The labial family of Hox proteins are unique in their lack
of DNA binding ability (Chan et al., 1996; Lu and Kamps, 1997; Phelan and
Featherstone, 1997). Dimerization with Pbx allows DNA binding and
transcriptional activation through a unique element, termed in this work rpt3
(Chan and Mann, 1996; Chan et al., 1996; Chang et al., 1996; Lu and Kamps, 1997;
Phelan and Featherstone, 1997; P6pperl et al., 1995; Shen et al., 1996). This
dimerization occurs via an interaction of the conserved hexapeptide sequence in
the "labial domain" and amino acids in the N-terminal arm of the homeodomain of
the Hox protein (Chan and Mann, 1996; Chan et al., 1996; Chang et al., 1996; Phelan
and Featherstone, 1997; Phelan et al., 1995), with the C-terminus of Pbx (Chang et
al., 1997; Lu and Kamps, 1996).
The rpt3 enhancer stimulated CAT activity (presumably by activation of
CAT transcription) in the absence of injected mRNAs. Activation is probably
mediated by endogenous Hox genes and Pbx in the embryo. Labial-like Hox genes
are first expressed during gastrulation and RNA levels increase through neurula
stages (For example see Chapter 1, Dekker et al., 1992a; Godsave et al., 1994; Kolm
and Sive, 1995a). Overexpression of either HoxD1 or HoxB1 mRNA (data not
shown) increased the level of CAT activity several fold. This suggests that the
level of endogenous Hox proteins is limiting in rpt3 activation. Co-expression of
PBX and HoxD1 increased the level of CAT activity several fold over HoxD1 alone,
confirming that PBX can cooperate with labial Hox proteins in the embryo.
Pbx itself contains a homeodomain (reviewed in: Biirglin, 1994) and has the
ability to bind DNA as a monomer in vitro (for example: Chan et al., 1996; Lu and
Kamps, 1996; van Dijk et al., 1995), but can not transactivate gene expression (Lu
and Kamps, 1996; van Dijk et al., 1993). PBX-1 was initially isolated as a fusion
protein with the transcriptional activator E2A in pre-B leukemias (Kamps et al.,
1991; Kamps et al., 1990; Nourse et al., 1990). Addition of the N-terminus of E2A to
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the PBX homeodomain is sufficient for transcriptional activation (Fu and Kamps,
1997; Kamps et al., 1996; van Dijk et al., 1993). A proposed function of monomeric
PBX is the repression of gene expression in the absence of Hox proteins (Lu and
Kamps, 1996; Pinsonneault et al., 1997). Consistent with this, overexpression of
PBX alone represses rpt3 activity in the embryo, while having little or no effect on
ectodermal patterning (data not shown).
4.3B HoxD1 stimulates proliferation
Overexpression of HoxD1 or HoxD1-GR plus PBX-GR induced proliferation
in the ectoderm. This effect is consistent with current models of Hox gene
function. The readout of positional specification by Hox genes in the embryo
involves the modulation of proliferation and differentiation of many cell types
(Duboule, 1995). In cell culture, ablation of Hox gene expression blocks T-cell
proliferation (Care et al., 1994). Similarly, the loss of cell growth control and
proliferation in tumor cells can be mediated by Hox genes (reviewed in: Stuart et
al., 1996), and overexpression of Hox genes can induce anchorage independent
growth and tumorigenicity in fibroblast cell lines (Aberdam et al., 1991;
Maulbecker and Gruss, 1993).
The ectopic tissue induced by HoxD1 overexpression does not express
markers of differentiated epidermis (XK81), neural (NCAM), or neural crest tissue
(AP-2, slug). Since Hox genes are typically expressed in overlapping domains, the
overexpression of a single Hox gene may not give cells a readable molecular
address. Alternatively, High levels of Hox proteins may maintain the cells in an
undifferentiated state.
Functional studies HoxAl suggest it also regulates proliferation. HoxAl
mutant mice have a deletion of the posterior hindbrain (reviewed in: Aberdam et
al., 1991; Maulbecker and Gruss, 1993). Overexpression of mouse HoxAl causes
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alteration of hindbrain shape (Zhang et al., 1994), and overexpression of a potential
HoxAl orthologue in zebrafish causes hindbrain expansion (Alexandre et al.,
1996). Alterations in epidermal proliferation or differentiation were not noted in
either of these studies.
4.3C HoxD1 alters hindbrain patterning
Since their discovery, Hox genes have been proposed to play a significant
role in hindbrain patterning (reviewed in: Guthrie, 1996). The labial family of Hox
genes is though to play a particularly important role, due to the positions of their
anterior boundaries of expression in the hindbrain (reviewed in: Krumlauf, 1993a).
The result of early hindbrain patterning is the expression of region specific
hindbrain markers, such as Krox-20 (Bradley et al., 1993; Guthrie, 1996) and sekl
(Winning and Sargent, 1994; Xu et al., 1995). Functional Krox-20 is necessary for
maintenance of rhombomeres 3 and 5 (Schneider-Maunoury et al., 1993; Swiatek
and Gridley, 1993). Similarly, sekl may play a role in defining the boundaries of
rhombomeres 3 and 5 (Xu et al., 1995).
Overexpression of HoxD1-GR with PBX-GR induced Krox-20 and sekl in
the absence of epidermis, neural crest or neural tissue. This suggests that an
ectopic rhombomere 5-specified region of the embryo was formed. This is
consistent with the expression pattern of HoxD1 in the neural plate, in which the
anterior boundary of HoxD1 lies at the rhombomere 4/5 boundary (Chapter 2,
Figure 2.3). Interestingly, overexpression of labial-like orthologues in other
vertebrates induces ectopic domains of more anterior rhombomeres.
Overexpression of HoxAl in the mouse causes transformation of anterior
hindbrain (r2/3) into posterior hindbrain (r4), while expression of Krox-20 is
unaffected (Zhang et al., 1994). In zebrafish a HoxAl-like labial paralogue
expanded the width of rhombomere 3, but did not otherwise alter Krox-20
168
expression (Alexandre et al., 1996). Both mouse HoxAl and the zebrafish labial
Hox gene have anterior limits of expression at the rhombomere 3/4 boundary
(Alexandre et al., 1996; Hunt et al., 1991; Murphy and Hill, 1991), rather than
rhombomere 4/5. The confinement of Hox gene function to the anterior-most
regions of their expression domains may explain this discrepancy (reviewed in:
Maconochie et al., 1996).
It is unclear why PBX-GR functions alone to alter hindbrain and epidermal
patterning. The fusion of the GR ligand binding domain may make Pbx cooperate
more effectively with endogenous Hox proteins. Alternatively, the GR, may allow
Pbx to function alone as a transcriptional activator in the context of normal
embryonic targets even though it repressed expression from the rpt3 reporter
construct. Either could be mediated by the addition of an activation domain which
is located within the GR ligand binding domain (reviewed in: Tsai and O'Malley,
1994). Enhanced interaction with endogenous Hox proteins is the favored model,
since PBX-GR alone is unable to stimulate CAT activity via the rpt3 element during
gastrulation. Strikingly, PBX-GR alters Krox-20 and XK81 expression in a similar,
yet reduced, manner to HoxD1, suggesting that PBX-GR is interacting with
endogenous HoxD1.
4.3D HoxD1 overexpression partially phenocopies the effects retinoic acid
treatment
Treatment of Xenopus embryos during gastrulation with retinoic acid has
severe teratogenic effects. These include loss of anterior structures, such as the
forebrain and cement gland, as well as expansion of the hindbrain (Durston et al.,
1989; Papalopulu et al., 1991a; Ruiz i Altaba and Jessell, 1991a; Sive et al., 1990). In
addition to these phenotypic effects, RA strongly induces HoxD1 expression (along
with HoxAl) throughout the ectoderm and mesoderm (Chapter 2, Figure 2.5; Kolm
169
and Sive, 1995a), while repressing the anterior marker otx2 (Blitz and Cho, 1994;
Pannese et al., 1995; Gammill and Sive, 1997). This suggested to us that the RA-
induced alterations of neurectodermal patterning might be mediated, at least in
part, by overexpression of HoxD1.
Several of the effects seen by overexpression of HoxD1 are similar to the
effects of RA treatment. HoxD1 (or HoxD1-GR plus PBX-GR) ablates the cement
gland, and reduces otx2 expression in a significant percentage of embryos (Table
4.1, 4.2). However, the loss of forebrain is not complete in HoxDl-injected
embryos, since the en2 stripe of expression at the midbrain-hindbrain boundary is
not shifted anteriorly as it is in RA-treated embryos (Sive et al., 1990).
Additionally, the ectopic Krox-20 expression seen in HoxD1-GR plus PBX-GR
injected embryos is much more extensive than in RA-treated embryos (Bradley,
1993).
These data suggest that high levels of HoxD1 mRNA in the ectoderm are
not sufficient to recapitulate the RA-induced teratogenic phenotype. Presumably
induction and repression of an entire array of genes during gastrulation is required
for the complete array of retinoid-mediated effects.
4.3E Pbx may limit the domain of HoxD1 function
Xenopus Pbx is primarily expressed in the dorsoanterior region of the
embryo. Although the expression pattern of Pbx in gastrula or neurula embryos
has not been determined in other vertebrates, the Xenopus expression pattern is
consistent with that seen in the rat at late stages of development. Using a mouse
Pbxl probe, Roberts and colleagues (1995) showed that there is expression in a
wide range of rat tissues, with especially high levels in the nervous system. This is
consistent with its proposed function of aiding Hox proteins in anteroposterior
patterning.
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Hox gene expression is restricted to the hindbrain and spinal cord. The
forebrain and midbrain are patterned by other homeobox genes such as engrailed,
otx, and emx. Pbx has been shown to cooperatively bind DNA with both
Drosophila and vertebrate engrailed (Neuteboom et al., 1995; Peltenburg and
Murre, 1996). Putative Pbx interaction domains are found in emx, as well as in
several other homeodomain families (reviewed in: Btirglin, 1994). Significantly,
Pbx expression is absent from the cement gland. Absence of Pbx from this region
could prevent or alter the function of anterior homeodomain proteins,
differentiating this domain from neural tissue. Consistent with this hypothesis,
overexpression of PBX-GR causes loss or alteration of the cement gland gene
expression. Conversely, the posterior of the embryo, which is patterned by the
abdB class of Hox genes that do not cooperate with Pbx (Chang et al., 1995; Shen et
al., 1997) contains little or no Pbx message.
HoxD1 overexpression only induced ectopic Krox-20 expression within the
hindbrain itself or in the adjacent epidermis. This suggests that there are controls
on HoxD1 function that limit its activity to a restricted domain. In both mouse and
flies, expression of posterior Hox genes is dominant over anterior Hox genes.
Overexpression of an anterior Hox gene in the posterior of the embryo has little
effect, while overexpression of a posterior Hox gene in the anterior of the embryo
causes homeotic transformations (reviewed in: DeRobertis, 1994; Duboule and
Morata, 1994). Consistent with this, mutations in Hox genes only have a
phenotypic effect in the anterior-most region of their expression domains
(reviewed in: Maconochie et al., 1996). The region of overlap with Pbx expression
may be that endogenous limiting factor. Taken together our data suggest that
HoxD1, and potentially all of the labial-like Hox genes, cooperates with Pbx to
specify the posterior hindbrain in Xenopus embryos.
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4.3F A model of posterior neurectodermal induction
We propose that HoxD1 plays an essential role in the patterning of the
posterior neurectoderm, particularly the hindbrain (Figure 4.11A). Additionally,
endogenous retinoids are necessary for HoxD1 expression in the presumptive
hindbrain and spinal cord during gastrulation, as well as for Krox-20 expression
(See Chapter 1 and Chapter 2; Kolm and Sive, 1995a). Retinoids induce HoxD1
expression during gastrulation with the anterior limit defining the rhombomere
4/5 boundary of the hindbrain. Since the function of HoxD1 is limited to the
region of the embryo expressing high levels of Pbx, HoxD1 only functions in
anterior region of its expression domain (4.11B). HoxD1-Pbx heterodimers activate
gene expression, resulting in expression of rhombomere 5 specific markers,
including Krox-20 and sekl. It is unclear whether this is a direct or indirect
induction. It is the combination of HoxD1 expression, along with other Hox genes,
that give the posterior nervous system its ultimate pattern.
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Figure 4.1. HoxD1 alters ectodermal patterning and stimulates proliferation.
A. HoxD1 or CAT mRNA was injected in to one cell of the A-tier of a 32-cell
embryo. P-gal mRNA was co-injected as a lineage tracer. For proliferation assays,
injected embryos were treated with a combination of hydroxyurea and
aphidicholine (HUA, see Methods) at early gastrula (stage 10). Embryos were
harvested at late neurula (stage 18-19) and the region of the embryo with ectopic
HoxD1 was visualized by P-gal staining. B. The effects of ectopic HoxD1 on gene
expression were assayed by whole mount in situ hybridization. Embryos were
probed for a combination of Krox-20, en2 and XCG (a-f) or XK81 (g-i). a-c Krox-20,
en2, XCG staining. Dorsal view, anterior is down. Closed arrow: rhombomere 5
(Krox-20), open arrow: midbrain-hindbrain boundary (en2). a. CAT injectedb.
HoxD1 injected c. HoxD1 injected. d-f Krox-20, en2, XCG staining. Arrow: XCG
expression. d. CAT injected, dorsoanterior view. e. HoxD1 injected, anterior view.
f. HoxD1 injected, dorsoanterior view. g-i XK81 staining. Arrow: Site of
overexpression. g. CAT injected, lateral view. h. HoxD1 injected, lateral view. i.
HoxD1 injected, ventroatnerior view. j-k Proliferation assay. Lateral views,
anterior left. j. CAT injected, untreated. k. HoxD1 injected, untreated. 1. HoxD1
injected, HUA treated.
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Figure 4.2 HoxD1 cooperates with PBX to activate transcription through the rpt3
enhancer.
Embryos were injected with a DNA construct containing the either the wild-type
rpt3 enhancer or mutant rpt3* enhancer linked to adenovirus minimal major late
promoter (MLP) and chloramphinicol acetyl transferase. HoxD1 mRNA was
injected with or without human PBX mRNA. Pools of 5-10 embryos were
harvested at early gastrula (stage 10.15-10.5), late gastrula (stage 12-12.5) or mid-
neurula (stage 16). Duplicate CAT assays were performed on 2.5 embryo
equivalents of lysate. The average cpm generated from the assay with the cpm
values generated by uninjected embryos subtracted out are plotted on the y-axis.
Standard error on the two values is indicated. The fold induction relative to the
rpt3 construct without coinjected mRNA harvested at the same stage is shown
above the value bars.
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Figure 4.3 Constructs used in overexpression assays.
Hormone inducible Xenopus HoxD1 and human PBX1 were made as described in
Methods. The glucocorticoid receptor ligand binding domain (GR) was inserted C-
terminal to the homeodomain in both proteins. This created a 29 amino acid C-
terminal truncation of HoxD1. The PBX-GR fusion did not alter PBX structure. The
homeodomain is indicated by the speckled box. The hexapeptide containing
"labial domain" of HoxD1 is indicated by horizontal stripes. The GR ligand
binding domain is indicated by vertical stripes.
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Figure 4.4 HoxD1-GR is dependent on PBX-GR for transactivation.
Embryos were injected with a DNA construct containing the either the wild-type
rpt3 enhancer or mutant rpt3* enhancer linked to adenovirus minimal major late
promoter (MLP) and chloramphinicol acetyl transferase. HoxD1-GR mRNA was
injected with or without human PBX-GR mRNA. Half of the injected embryos
were treated with Dexamethasone (Dex) at late blastula (stage 9). Pools of 5-10
embryos were harvested at early gastrula (stage 10.15-10.5), late gastrula (stage 12-
12.5) or mid-neurula (stage 16). Duplicate CAT assays were performed on 2.5
embryo equivalents of lysate. The values shown are the average cpm generated
from the assay with the cpm values generated by uninjected embryos subtracted.
Standard error on the two values is indicated. The vertical number above the
value bars is the fold induction relative to the rpt3 construct without coinjected
mRNA in Dex-treated embryos. The horizontal number above the value bars is the
fold induction in Dex treated embryos relative to untreated embryos.
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Figure 4.5 HoxD1-GR cooperates with PBX-GR to stimulate proliferation.
One cell of a 32-cell embryo was injected with either HoxD1-GR mRNA, PBX-GR
mRNA, or both RNAs together, in addition to 0-galactosidase mRNA as a lineage
tracer. Half of the injected embryos were treated with Dex at late blastula (stage 9).
Half of the Dex-treated embryos were subsequently treated with hydroxyurea and
aphidicholine (HUA) at early gastrula (stage 10-10.25). Embryos were harvested at
late neurula (stage 19) and the cells containing ectopic mRNA were localized by P-
gal staining. All embryos are shown in lateral view with anterior to the left. A.
HoxD1-GR injected, untreated. B. HoxD1-GR injected, Dex treated. C. HoxD1-GR
injected, Dex and HUA treated. D. PBX-GR injected, untreated. E. PBX-GR
injected, Dex treated. F. PBX-GR injected, Dex and HUA treated. G. HoxD1-
GR+PBX-GR injected, untreated. H. HoxD1-GR+PBX-GR injected, Dex treated. I.
HoxD1-GR+PBX-GR injected, Dex and HUA treated.
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Figure 4.6 HoxD1-GR cooperates with PBX-GR to alter ectodermal patterning.
One cell of a 32-cell embryo was injected with HoxD1-GR mRNA, PBX-GR mRNA,
or both mRNAs together, with P-galactosidase mRNA as a lineage tracer. Half of the
injected embryos were Dex treated at late blastula (stage 9). Embryos were harvested
at late neurula (stage 19); cells containing ectopic mRNA were localized by P-gal
staining (Figure 4.3A). All embryos are shown with anterior to the left. Gene
expression was determined by whole mount in situ hybridization. Embryos were
probed with a mixture of Krox-20, en2, XCG (a-c), Krox-20 alone (4-1), sekl (i-1), or
XK81 (m-o). A. HoxD1-GR injected. a-c. XCG, en2, Krox-20 mixed probe. Closed
arrow: rhombomere 5 (Krox-20), open arrow: midbrain-hindbrain boundary (en2). a.
Dorsal view, -Dex. b. Dorsal view, +Dex. c. Dorsal view, +Dex. B. PBX-GR injected.
a-c. XCG, en2, Krox-20 mixed probe. Closed arrow: rhombomere 5 (Krox-20), open
arrow: midbrain-hindbrain boundary (en2). a. Dorsal view, -Dex. b. Dorsal view,
+Dex. c. Dorsal view, +Dex. d-i. Krox-20 probe. Closed arrow: rhombomere 5.
d.Lateral view, -Dex. e. Lateral view, +Dex. f. Lateral view, +Dex. g. Dorsal view,
-Dex. h. Dorsal view, +Dex. i. Dorsal view, +Dex. ji- Sekl probed. Closed arrow:
rhombomere 5. s: splanchnic mesoderm. J. Lateral view, -Dex. k. Lateral view, +Dex.
1. Dorsal view, +Dex. m-o XK81 probed. Arrow: f-gal positive cells. m. Lateral view,
-Dex. n. Lateral view, +Dex. o. Lateral view, + Dex. C. HoxD1-GR + PBX-GR
injected. a-c. XCG, en2, Krox-20 mixed probe. Closed arrow: rhombomere 5 (Krox-
20), open arrow: midbrain-hindbrain boundary (en2). a. Dorsal view, -Dex. b.
Dorsolateral view, +Dex. c. Dorsolateral view, +Dex. d-i. Krox-20 probe. Closed
arrow: rhombomere 5. d.Lateral view, -Dex. e. Lateral view, +Dex. f. Dorsolateral
view, +Dex. g. Dorsal view, -Dex. h. Dorsal view, +Dex. i. Dorsal view, +Dex. j-1
Sekl probed. Closed arrow: rhombomere 5. s: splanchnic mesoderm. j. Lateral
view, -Dex. k. Lateral view, +Dex. 1. Lateral view, +Dex. m-o XK81 probed. Arrow: 3-
gal positive cells. m. Lateral view, -Dex. n. Lateral view, +Dex. o. Lateral view, + Dex.
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Figure 4.7 Pbx is a highly conserved protein.
A Diagram of the long clone of Xenopus Pbx. The putative coding region is
indicated by gray shading. The homeodomain is indicated by speckling. Putative
polyA addition signals are indicated by §. B. Xenopus Pbx protein sequence is
compared to other known Pbx proteins. Amino acids identical to Xenopus Pbx are
shaded. Underline indicates the homeodomain. The % sequence identity between
Xenopus Pbx and the other Pbx proteins are indicated at the end of the sequences.
Mouse Pbxl (Kagawa et al., 1994) is 100% identical to Human Pbxl, and so is not
shown in this diagram. XI: Xenopus laevis (this work), Hs: Homo sapiens (Kamps et
al., 1990; Monica et al., 1991; Nourse et al., 1990), Dm: Drosophila melanogaster
(Rauskolb et al., 1993), ceh20: C. elegans (Biirglin and Ruvkun, 1992).
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Figure 4.8. Developmental expression of Xenopus Pbx.
The developmental profile of Xenopus Pbx expression was analyzed by Northern
hybridization as described in Methods. 28S Ribosomal RNA is shown as a loading
control. Two embryo equivalents of RNA are loaded in each lane. Lane 1: E, egg;
lane 2: stage 9, blastula; lane 3: stage 11, mid-gastrula; lane 4: stage 12 late gastrula;
lane 5, stage 18, late neurula; lane 6: stage 28, late tailbud.
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Figure 4.9. Expression pattern of Xenopus Pbx.
Xenopus Pbx expression was analyzed by whole mount in situ hybridization.
Similar expression patterns were seen using the cloned PCR product and the full
length clone (data not shown). D: Dorsal, V: ventral, A: anterior. A. Mid-gastrula,
stage 11, animal view. B. Mid-gastrula, stage 11, vegetal view. bp: blastopore. C.
Early neurula, stage 13, dorsal view, anterior left. D. Early neurula, stage 13,
anterior view, dorsal up. E. Late neurula, stage 18, dorsal view, anterior left. F. Late
neurula, state 18, anterior view, dorsal up. G. Late tailbud/hatching, stage 18,
dorsal view, anterior left. fb: forebrain, mb: midbrain, hb: hindbrain, e: eye, ba:
branchial arches, sc: spinal cord. H. Late tailbud/hatching, stagel8, lateral view,
anterior left. L I. Comparison of Pbx and HoxD1 expression at early neurula.
Dorsal views, anterior up. Region of overlap is indicated by horizontal lines I. Pbx.
J. HoxD1
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Figure 4.10. Xenopus Pbx is absent from the cement gland.
Pbx (A, C) and Otx2 (B, D2) expression were compared by whole mount in situ
hybridization at late neurula (A. B; stage 19) and late tailbud (C, _D; stage 28). A.
Pbx, stage 19, anterior view. Arrow: cement gland. B. Otx2, stage 19, anterior
view. Arrow: cement gland. C. Pbx, stage 28, lateral view, anterior left. Black
arrow: cement gland. White arrow: gap in expression. D. Otx2 expression, stage
28, lateral view, anterior left. Black arrow: cement gland. White arrow: posterior
boundary of expression (midbrain-hindbrain boundary).
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Figure 4.11 HoxD1 and Pbx cooperate to pattern the posterior neurectoderm
A. Retinoids are both necessary for HoxD1 (and presumably HoxAl and HoxB1)
expression in the ectoderm. Retinoids are also necessary for posterior hindbrain
patterning. Overexpression of HoxD1, together with Pbx, induces hindbrain
markers, including Krox-20 and sekl. It is not clear whether HoxD1 directly
activates expression of hindbrain markers, or whether additional transcription
factors are necessary.
B. Diagram of Pbx and HoxD1 expression. Dorsal views of early neurula embryos
are shown, with anterior (A) at the top. Shading indicates expression. HoxD1 is
only able to function in the region that overlaps the domain of high Pbx
expression. This region ultimately forms the posterior hindbrain, including
rhombomere 5.
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Chapter 5: Patterning of the posterior neurectoderm: summary,
model and future prospects
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5.1 Introduction
Regionalization of the nervous system occurs during gastrulation. There is
an initial wave of anterior (forebrain, cement gland) specification in the dorsal
ectoderm as the involuting mesoderm passes beneath it (Slack and Tannahill,
1992). This is followed by respecification to more posterior fates (hindbrain and
spinal cord). Nieuwkoop (1952) proposed that this occurs in two steps: the
anterior dorsal mesoderm produces an "activating" signal that uniformly induces
the dorsal ectoderm to take on anterior character. The subsequent
"transformation" of the nervous system is accomplished by a factor produced by
the posterior mesoderm, that he proposed forms a posterior to anterior gradient.
Several factors have been proposed as the second signaling molecule, including
retinoic acid (RA), eFGF, and wnt3a.
We have focused our attention on the function of retinoids in neural
patterning. Several steps of this process have been examined. The initial response
to RA in the ectoderm has been analyzed by examining the regulation and
expression of two retinoid target genes, HoxAl and HoxD1. In addition to
regulating the expression of these two genes, we have shown that retinoids are
necessary for normal hindbrain patterning. Finally, we have shown that at least
one function of HoxD1 is regulation of hindbrain marker expression. From these
data we have created a model of retinoid function in the regionalization of
posterior neurectoderm that is unique from Nieuwkoop's original two signal
hypothesis.
5.2 Paralogue group 1 Hox genes are regulated by retinoids
5.2A The labial family of Hox genes is induced by RA
The regulation of paralogue group 1 genes (HoxAl, HoxB1, HoxD1) is
highly conserved in chordates; all display rapid, strong induction by RA (Shimeld,
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1996). We have shown that both Xenopus HoxAl and HoxD1 are directly induced
by retinoids in embryonic ectoderm and mesoderm (Chapter 2; Kolm and Sive
1995a). This is consistent with studies in cell culture where mouse and human
HoxAl (Baron et al., 1987; LaRosa and Gudas, 1988a; Simeone et al., 1991;
Stornaiuolo et al., 1990), human and mouse HoxB1 (Acampora et al., 1989;
Frohman et al., 1990; Murphy and Hill, 1991; Ogura and Evans, 1995a; Papalopulu
et al., 1991b; Simeone et al., 1990; Simeone et al., 1991), and human HoxD1
(Simeone et al., 1991; Stomaiuolo et al., 1990) were shown to be induced by RA in
cell culture in the absence of protein synthesis.
Not only levels, but also expression patterns, of the labial Hox genes are
altered in RA-treated embryos. The direct induction of HoxAl and HoxD1 by RA
allows them to be used as markers of retinoid sensitivity in the embryo. Early
treatment with retinoids (blastula and early gastrula) induces expression of
Xenopus HoxAl and HoxD1 throughout the embryo (Chapter 2; Kolm and Sive
1994; 1995a), consistent with the induction of a retinoic acid responsive element
(RARE)-lacZ reporter transgene in the mouse (Rossant et al., 1991).
RA treatment at mid-gastrula through early neurula stages shifts the
expression boundary of Xenopus HoxAl and HoxD1 anteriorly, without inducing
ectopic expression in the anterior-most regions of the embryo (Chapter 2; Kolm
and Sive 1994; 1995a). This correlates with acquisition of resistance in the anterior
of the embryo to the teratogenic effects of retinoids (Gammill and Sive, 1997; Ruiz
i Altaba and Jessell, 1991a; Sive et al., 1990). A similar pattern of ectopic expression
is seen in late RA treatments on mouse and chick HoxB1 (Conlon and Rossant,
1992; Sundin and Eichele, 1992). Interestingly, the RARE-lacZ transgene is still
inducible throughout the mouse embryo at these stages, suggesting that the
context of the RARE modulates the activity of RAR-mediated transactivation
(Rossant et al., 1991).
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5.2B Retinoid signaling is necessary for vertebrate labial-like Hox gene
expression
The strong HoxD1 induction by RA does not prove that its normal
regulation is RA-dependent. To assay the retinoid dependence of HoxD1 gene
expression, we have inhibited retinoid signaling in the embryo using either the
thyroid hormone receptor, c-erbA, or a dominant inhibitory RARoa gene (RARA).
Both of these receptors can block induction of HoxAl and HoxD1 in animal caps
(Chapter 2, 3; Kolm and Sive, 1995a), and protect embryos from the teratogenic
effects of retinoids (Chapter 3; (Banker and Eisenman, 1993; Blumberg et al., 1997;
Old et al., 1992)). Overexpression of the thyroid hormone receptor, c-erbA,
inhibits retinoid signaling by sequestering commonly shared RXRs (Barettino et
al., 1993). Since there is no thyroid hormone signaling during Xenopus gastrula
and neurula stages, alterations in gene expression are unlikely to be due to ectopic
activation of T3-regulated genes (Baker and Tata, 1990; Banker et al., 1991; Old et
al., 1992). Similarly, overexpression of RARA specifically blocks retinoid signaling
(Damm et al., 1993; Sharpe and Goldstone, 1997). Strikingly, overexpression of
either inhibitory receptor ablates HoxD1 expression, consistent with regulation by
endogenous retinoids (Chapter 2, 3; Kolm and Sive, 1995a). HoxAl expression is
also reduced in c-erbA injected Xenopus embryos (Banker and Eisenman, 1993).
Consistent with these results, mouse and human HoxAl (Langston and
Gudas, 1992; Langston et al., 1997), and mouse, human, chick, and pufferfish
HoxB1 have been shown to have RAREs in their 3' regulatory sequences
(Langston et al., 1997; Marshall et al., 1994; Ogura and Evans, 1995a). Transgenes
that recapitulate HoxAl or HoxB1 expression require intact RAREs for proper
early neurectodermal expression caudal to rhombomere 4 (Frasch et al., 1995;
Marshall et al., 1994). Additionally, mutations in the endogenous HoxAl RARE
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significantly reduce HoxAl expression, particularly in its anterior expression
domain(Dupe et al., 1997). It remains to be determined whether HoxD1 also has an
adjacent regulatory RARE. These data are consistent with a role for retinoids in
establishing the early domain of labial Hox gene expression.
5.2C Retinoids are necessary for normal hindbrain patterning
Treatment of vertebrate embryos with RA during gastrulation converts
anterior rhombomeres to a more posterior fate. Xenopus embryos treated with
relatively low doses of exogenous RA lose anterior hindbrain structures (Durston
et al., 1989; Papalopulu et al., 1991a; Ruiz i Altaba and Jessell, 1991b), including
Krox-20 expression in rhombomere 3 (Bradley et al., 1993; Papalopulu et al.,
1991a). The remaining tissue is converted to more posterior hindbrain structures,
with features of both rhombomere 4 (ectopic Mauthner neurons; Manns and
Fritzsch, 1992) and rhombomere 5 (expansion of the posterior Krox-20 stripe;
Bradley, 1993).
Other vertebrates treated with RA show similar induction of posterior
rhombomere characteristics in anterior rhombomeres. In RA-treated mouse
embryos, rhombomeres 2 and 3 are respecified to a predominantly rhombomere 4
identity, based on both morphology and ectopic Hox gene expression (Conlon and
Rossant, 1992; Kessel, 1993; Marshall et al., 1992; Morriss-Kay et al., 1991; Wood et
al., 1994). Krox-20 expression in rhombomere 3 is lost, and rhombomere 5
expression is not significantly altered in these embryos (Conlon and Rossant,
1992; Wood et al., 1994). Similarly, RA-treated zebrafish lose anterior hindbrain
structures (Hill et al., 1995; Holder and Hill, 1991), and show a decrease or
complete loss of rhombomere 3 Krox-20 expression (Hill et al., 1995). At the same
time there is formation of supernumerary Mauthner neurons (rhombomere 4) in
RA-treated embryos (Hill et al., 1995). The effects of RA on mouse and zebrafish
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are similar to the effects on Xenopus embryos, except that only ectopic
rhombomere 4 is seen, rather than both rhombomere 4 and 5.
In contrast, loss of retinoid signaling in the embryo causes loss of posterior
rhombomeres. In Xenopus, we have shown that overexpression of a dominant
inhibitory retinoic acid receptor causes either compression of the two Krox-20
bands (indicating loss of rhombomere 4), or the loss of one Krox-20 band entirely
(indicating loss of rhombomere 5; Chapter 3, Figure 3.2; Blumberg et al., 1997).
This is similar to the effect of development from vitamin A deficient eggs on quail
embryos. These embryos develop with the posterior hindbrain, including
rhombomeres 4 and 5, missing (Maden et al., 1996).
The effect of loss of retinoid signaling on hindbrain patterning in the mouse
has not been thoroughly examined. Overexpression of a dominant negative RAR
causes craniofacial defects that could be caused by alterations of hindbrain-
derived neural crest specification (Damm et al., 1993). Elimination of retinoid
signaling in the mouse by creation of "knockout" mutations in RARs has not
clearly demonstrated a role for these receptors in Hox gene expression; only
mutations in multiple receptors alter pattern formation. However, mice
homozygous for mutations in both RARx and RARy have severe craniofacial
defects, perhaps in part due to alterations in hindbrain patterning (Lohnes et al.,
1994). Molecular analysis of gene expression in these mice will be necessary to
determine the dependence of specific hindbrain structure formation on retinoid
receptors.
5.2D Retinoids act directly on ectoderm to suppress anterior development
One of the most striking effects of retinoid treatment on Xenopus embryos is
the deletion of anterior head structures, particularly the forebrain (Durston et al.,
1989; Sive et al., 1990). Telencephalic structures are also lost in RA-treated mouse
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(Simeone et al., 1995) and zebrafish (Zhang et al., 1996) embryos. This is possibly
due to the repression of the anterior gene otx2 after retinoid treatment (Ang et al.,
1994; Bally-Cuif et al., 1995; Blitz and Cho, 1994; Gammill and Sive, 1997; Pannese
et al., 1995; Simeone et al., 1995). In Xenopus, cells that were normally fated to
anterior neural structures are respecified to either hindbrain or epidermis after RA
treatment (Agarwal and Sato, 1993).
We have shown that treatment of isolated anterior dorsal ectoderm with RA
causes repression of anterior markers (otx2, XAG), and induction of Hox genes.
However, no induction of Krox-20 is seen (Chapter 3, Figure 3.4). In contrast,
conjugation of anterior dorsal ectoderm to posterior mesoderm induces high levels
of Krox-20 (Chapter 3, Figure 3.5). Expression of Xash3a (found all along the A/P
axis) is completely ablated by RA (Chapter 3, Figure 3.5), but levels remain high in
conjugates with posterior mesoderm. aDE does not contain enough information to
collaborate with RA to give the full range of posterior neural induction. This may
represent a deficit in continued neural induction in the absence of mesoderm.
Alternatively, induction of posterior neural tissue may require multiple inducing
signals. Consistent with this, RA can induce Krox-20 in early neurula anterior
neural plate in the presence of underlying mesoderm (Bradley, 1993; Sharpe,
1991).
5.2E Xenopus HoxD1 is expressed in a unique posterolateral domain
The expression of Xenopus HoxD1 in midgastrula embryos defines a novel
domain in the posterior embryo. This domain includes both dorsolateral and
ventral ectoderm and mesoderm (Chapter 2, Figure 2.4A). This region of the
ectoderm will give rise primarily to spinal cord and hindbrain (Keller, 1976; Keller
et al., 1992a). Expression is absent from the dorsal midline, which is fated to
become floorplate (Chapter 2, Figure 2.3; (Keller, 1975; Keller, 1976)). This
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expression pattern is conserved as the cells converge dorsally during gastrulation
(Chapter 2, Figure 2.3). Interestingly, by early neurula, RARc2.2 is expressed in a
very similar domain (Sharpe, 1992a; Chaper 3, Figure 3.3), suggesting that it
might play a role in either induction or maintenance of HoxD1 expression. In
contrast, mouse HoxD1 is not expressed until the end of gastrulation (see
discussion of below for details; (Frohman and Martin, 1992)).
The ectodermal domain of HoxD1 expression is apparently established by
signals from the lateral and ventral mesoderm. Dorsolateral mesoderm induces
HoxD1 expression in ectoderm, while mesoderm from the dorsal midline cannot
(Chapter 3, Figure 3.4, data not shown). Similarly, activin or FGF treatment of
isolated ectoderm activates HoxD1 (Chapter 2, Figure 2.9). This induction is
presumably secondary to mesoderm formation, since expression of HoxD1 is not
induced for many hours after treatment. Conversely, disruption of mesoderm
formation by overexpression of the dominant negative FGF or activin receptors
blocks HoxD1 expression (Chapter 2, Figure 2.10; Kolm and Sive, 1995a).
Retinoids are at least one component of the lateral mesodermal signal, since the
dominant negative RAR can block induction of HoxD1 in ectoderm by mesoderm
(Chapter 3, Figure 3.3).
5.2F Labial Hox genes are expressed in similar, but not identical, domains in
the early neurula embryos.
In early neurula embryos, Xenopus HoxD1 and HoxAl have similar anterior
ectodermal expression limits at the boundary of presumptive rhombomeres 4 and
5 (Chapter 2, Figures 2.2 and 2.3; Kolm and Sive 1994; 1995a). HoxAl expression
moves anteriorly, with its anterior boundary at tailbud stages in the pre-otic
hindbrain. By late tailbud stages HoxAl expression is seen in clusters of cells in
the posterior midbrain and anterior hindbrain, potentially corresponding to
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cranial motor neurons (Chapter 2, Figure 2.2). Expression of HoxD1 decreases
during neurula stages, and is not detectable in the tailbud.
The anterior limit of other vertebrate labial Hox genes lies more anteriorly
than Xenopus HoxAl and HoxD1. Mouse and chick HoxB1 (Frohman et al., 1990;
Hunt et al., 1991; Murphy and Hill, 1991; Sundin and Eichele, 1992), and mouse
HoxAl (Duboule and Dolle, 1989; Murphy and Hill, 1991; Sundin et al., 1990) have
an anterior neurectodermal expression limit at the rhombomere 3/4 boundary.
This early expression is dependent on a functional RARE (Dupe et al., 1997; Frasch
et al., 1995; Marshall et al., 1994). The bulk of zebrafish HoxAl' expression is
found caudal to the rhombomere 4/5 boundary. However, there is also
expression in the lateral regions of rhombomere 4 (Alexandre et al., 1996). At later
neurula stages, mouse HoxAl expression retreats posteriorly into the spinal cord,
as does the bulk of mouse and chick HoxB1 expression (Duboule and Dolle, 1989;
Frohman et al., 1990; Hunt et al., 1991; Murphy and Hill, 1991; Sundin and Eichele,
1992). There is an additional late rhombomere 4-specific band of HoxB1
expression that is conserved in all vertebrates examined (mouse, human, chick,
Xenopus; (Dekker et al., 1992a; Frohman et al., 1990; Godsave et al., 1994; Hunt et
al., 1991; Murphy and Hill, 1991; Sundin and Eichele, 1992; Vieille-Grosjean et al.,
1997)). Mouse HoxD1 is not expressed in the ectoderm (Frohman and Martin,
1992), which may indicate either a loss of the essential RARE present in the HoxAl
and HoxB1 regulatory regions, or the presence of additional regulatory elements
that inhibit neurectodermal expression.
The significance of the one rhombomere difference in the anterior
boundaries of Xenopus and other vertebrate labial-like Hox genes is unclear. The
rhombomere 3/4 boundary is the site of the pre-otic sulcus formation in chick and
mouse embryos, which is the first hindbrain division to form. Rhombomere
boundaries in Xenopus are not visible until tadpole stages (Papalopulu et al., 1991a;
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Ruiz i Altaba and Jessell, 1991b), so it is unclear whether the rhombomere 4/5
boundary corresponds to a particular morphological hindbrain feature. This may
reflect a general alteration in hindbrain patterning, since the anterior boundary of
RARa lies at the rhombomere 3/4 boundary in the mouse (Ruberte et al., 1993),
but is more posteriorly localized in Xenopus (Chapter 3, Figure 3.2; Sharpe, 1992a)
and zebrafish (Joore et al., 1994).
5.3 The function of labial Hox genes is conserved in vertebrates.
5.3A Overexpression of labial Hox genes alters anteroposterior patterning
Overexpression of HoxD1 in Xenopus gives rise to either lateral ectopic
domains of Krox-20 and Sek-1 or widening of the rhombomere 5 component of
their expression (Chapter 4, Figures 4.1, 4.6). Rhombomere 4 identity was not
assayed, since HoxB1 (the only useful rhombomere 4 marker) has an
autoregulatory element in its promoter (P6pperl et al., 1995). Expression can be
directly activated via this element by the labial family of Hox proteins, including
Drosophila labial, HoxAl, HoxB1, and HoxD1 (Chapter 4, Figure 4.2; (Chan et al.,
1996; P6pperl et al., 1995; Zhang et al., 1994)). Since this element is found adjacent
to mouse, human, chick and pufferfish HoxB1 (Ogura and Evans, 1995a; P6pperl
et al., 1995), it is also probably present in Xenopus HoxB1 regulatory regions, so
this gene would not be an accurate measure of rhombomere identity.
Overexpression of mouse HoxAl also changes hindbrain patterning (Zhang
et al., 1994). In addition to ectopic HoxB1 expression, there is at least a partial
change of rhombomeres 2 and 3 to a rhombomere 4 identity based on ectopic
HoxA2 expression and neuronal morphology. There is no change in Krox-20
expression (Zhang et al., 1994). Similarly, overexpression of zebrafish HoxAl'
causes (rhombomere 4-like) Mauther neurons to form in rhombomere 2, changes
the migration of the rhombomere 2 derived neural crest, and expands
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rhombomere 3 (Alexandre et al., 1996). The fact that rhombomere 5 was not
affected in either mouse or zebrafish may reflect the difference in anterior
boundary of these genes relative to the Xenopus labial paralogues.
5.3B Overexpression of HoxD1 is not equivalent to RA treatment
Overexpression of HoxD1 partially recapitulates the effect of exogenous
retinoids on Xenopus embryos. Like RA, Xenopus HoxD1 can ablate cement gland
(Chapter 4, Figure 4.1). In contrast to RA-treated embryos (Sive et al, 1990),
HoxD1 overexpression does not cause a significant loss of forebrain, since the
distance between the midbrain/hindbrain boundary and the anterior of the
embryo is similar in injected and uninjected embryos (Chapter 4, Figures 4.1; 4.6).
This may be because HoxD1 can only partially repress expression of otx2 (Table
4.1), which is required for anterior head formation (Acampora et al., 1995; Ang et
al., 1996b). Finally, RA does not expand rhombomere 5 as effectively as HoxD1
(Chapter 4, Figure 4.6), perhaps because retinoid treatment induces other genes
that interfere with ectopic r5 specification.
Similar to the effects in Xenopus, retinoids cause a conversion of
rhombomere 2 to a rhombomere 4-like domain in mice and fish (Alexandre et al,
1996; Conlon and Rossant, 1992; Hill et al., 1995; Holder and Hill, 1991; Marshall et
al., 1992; Morriss-Kay et al., 1991; Wood et al., 1994). Overexpression of HoxAl in
these embryos is less efficient in this conversion than RA treatment (Alexandre et
al, 1996; Zhang et al., 1994). Finally, loss of forebrain is not seen when these Hox
genes are overexpressed. These data suggest that retinoids must regulate (induce
and repress) expression of a number of genes to produce the normal array of
teratogenic effects.
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5.3C Labial Hox genes regulate similar targets
It is unclear whether the alterations in gene expression seen after HoxD1
overexpression are specific effects of HoxD1, or are the more general effects of
labial-like Hox proteins. Since HoxAl, HoxB1, and HoxD1 have similar early
expression patterns, and have almost identical homeodomains they may regulate a
similar set of target genes. None of these proteins is able to bind DNA alone
(Chan and Mann, 1996; Chan et al., 1996; Shen et al., 1996). However, as
heterodimers with Pbx, HoxAl, HoxB1 and labial bind a similar target sequence
(Chan et al., 1996; Lu and Kamps, 1997; Phelan and Featherstone, 1997; Phelan et
al., 1995; P6pperl et al., 1995; Shen et al., 1996). DNA target specificity is highly
conserved in evolution, since overexpression of chick HoxB1 in Drosophila is able
to rescue the head development defects and embryonic lethality in labial mutant
flies (Lutz et al., 1996). My preliminary results suggest that mouse HoxAl and
HoxB1 have an effect on Krox-20 expressions similar to Xenopus HoxD1 (data not
shown).
5.4 A model of posterior pattern formation
From the data presented here, I propose a new model for posterior
neurectodermal specification (Figure 5.1A). At early gastrula posterior-inducing
(posteriorizing) signals are found in the lateral and ventral marginal zones, while
neural-inducing signals are localized to the dorsal marginal zone. During
gastrulation, the movement of cells that have been exposed to the posteriorizing
signal onto the dorsal side of the embryo, where they are exposed to the neural-
inducing signal, induces the posterior nervous system.
We propose that the formation of the posterior CNS occurs in several steps
(Figure 5.1).
Step 1: At the beginning of gastrulation there is a posteriorizing signal that
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emanates from the lateral and ventral marginal zones into the adjacent ectoderm.
At the same time, the dorsal marginal zone produces a neural-inducing signal.
The neural-inducing region at early gastrula in both Rana and Xenopus
spans an arc of about 900, centered on the dorsal midline (Gerhart, 1996;
Hamburger, 1996; Stewart and Gerhart, 1990). The lateral-most regions of this
domain induce trunk, rather than head, neural tissue, suggesting that the
"posteriorizing" and "neural-inducing" regions of the marginal zone overlap at
early gastrula.
Step2: The posteriorizing signal induces expression of posterior patterning genes
in the adjacent lateral and ventral marginal zones. Patterning genes include genes
such as HoxD1, that do not specify a particular cell fate, rather they provide
positional information along the anteroposterior axis. The lateral ectoderm is
fated to form the bulk of the spinal cord and hindbrain (Chapter 1, Figure 1.5;
Keller et al., 1992a; 1992b). It is not clear whether this posteriorizing signal is
absent from the dorsal mesoderm, or whether the dorsal mesoderm actively
inhibits posterior patterning gene induction.
Step 3: As gastrulation proceeds, lateral ectoderm and mesoderm converge on the
dorsal side of the embryo (Chapter 1, Figure 1.5). The ectodermal cells adjacent to
the dorsal marginal zone extend along the axis, ultimately forming the floorplate.
As lateral cells expressing posterior patterning genes converge on the dorsal
midline, they receive a neural-inducing signal. Ectodermal cells that have been
exposed to both the posteriorizing signal and the neural-inducing signal are
specified to form hindbrain and spinal cord.
At the same time that the ectoderm is converging on the midline, the lateral
mesoderm undergoes a similar set of movements. By late gastrula stages, the
posterior dorsal mesoderm is composed of tissue from the early gastrula lateral
marginal zone, as well as the original dorsal cells, which form the notochord. This
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region of mesoderm has the ability to induce posterior neural tissue, either in
animal caps or in anterior dorsal ectoderm. This is probably due to the combined
ability of the original lateral tissue to induce posterior patterning genes, and the
notochord to induce neural tissue (although we have no data addressing this
point).
The posteriorizing signal: We have shown that part of the posteriorizing signal is
retinoic acid (Figure 5.1B). Retinoic acid induces HoxD1 expression in the lateral
and ventral marginal zone and adjacent ectoderm. HoxD1 protein then synergizes
with Pbx protein in the dorsal ectoderm to pattern the hindbrain, eventually
leading to ectopic Krox-20 and sekl expression. More posterior regions of the
embryo may be patterned by other Hox genes that are regulated by eFGF, such as
HoxA7 (Isaacs et al., 1992, 1994; Pownall et al., 1996). Wnt8 may also play a role in
this process, since it is expressed in the lateral and ventral marginal zones at early
gastrula (Christian and Moon, 1993; Moon et al., 1993), and a similar wnt (wnt3a)
can posteriorize the neural tissue induced by noggin (McGrew et al., 1995).
However, there is no data describing the effects of wnts on patterning gene
expression.
In the midline, the original Nieuwkoop two step model may hold true, such
that anterior neural tissue is respecified to posterior neural tissue. In the rest of
the hindbrain and spinal cord posterior induction occurs independently of neural
induction. Only after first acquiring posterior specification is the hindbrain/spinal
cord region induced as neural.
5.4A Predictions of the posterior induction model
There are several facts that must be true for this model to be correct:
1. The posterior inducer should induce patterning genes in the absence of
neural induction. Our model proposes that posterior induction occurs in a region
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of the embryo that has not been exposed to neural-inducing signals. Consistent
with this, retinoic acid can induce HoxD1 in either epidermally or neurally-
specified ectoderm, as well as mesoderm. A second potential posteriorizing agent,
eFGF, can induce several Hox genes (HoxA7, HoxB9), as well as xcad3, in either
animal caps or dorsal ectoderm (Pownall et al., 1996).
2. The lateral mesoderm should be a source of the posteriorizing signal.
We would expect the early gastrula mesoderm to efficiently induce
patterning gene expression in competent ectoderm. As shown in Chapter 3
(Figure 3.3), HoxD1 is induced in animal cap ectoderm by mid-gastrula
dorsolateral mesoderm. We have yet to show that the early gastrula lateral
mesoderm has the same inducing activity.
The localization of retinoids is unclear. One report has suggested that
retinoid activity concentrated at the dorsal lip at early gastrula (Chen et al., 1994).
Biochemical data on actual retinoid localization have given conflicting data
(Blumberg et al., 1996; Creech-Kraft et al., 1994a; Creech-Kraft et al., 1994b). In this
work (Chapter 3, Figure 3.3) I have shown that overexpression of a dominant-
interfering retinoic acid receptor blocks induction of HoxD1 by dorsolateral
mesoderm, suggesting that this mesoderm is a source of retinoids. Recent
advances in Xenopus transgenic technology (Kroll and Amaya, 1996) make it
feasible to examine the regions of the embryo that can activate a RARE-lacZ
transgene during gastrulation. These data will help resolve the question of where
retinoid signaling is localized in the embryo.
eFGF is expressed in a ring encompassing the entire marginal zone at early
gastrula (Isaacs et al., 1992). To restrict patterning gene expression to lateral and
ventral ectoderm, the ability of eFGF to induce expression of these genes could be
inhibited on the dorsal side of the embryo at early gastrula. Alternatively, the
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eFGF protein would not function in neurectodermal patterning until later gastrula
stages, after there has been significant convergence of lateral ectoderm dorsally.
3. The lateral mesoderm may gain posterior neural-inducing capacity as it
moves towards the dorsal midline. By late gastrula the posterior dorsal
mesoderm has become an inducer of trunk rather than head (reviewed in: Gilbert
and Saxen, 1993). This mesoderm produces qualitatively different effects than our
proposed posterior inducers RA and FGF. In conjugates with anterior dorsal
ectoderm, it is not only able to repress anterior markers, but induces posterior
neural tissue (For example Chapter 3, Figure 3.5; Sive et al., 1989). Posteriorizing
factors alone are unable to maintain the neural character of ectodermal tissue.
Treatment with RA or FGF can induce the posterior patterning genes, but not
posterior neural markers (Chapter 3, Figure 3.5, 3.6). However, treatment of
anterior explants that contain the underlying mesoderm are respecified to a
posterior neural fate (Cox and Hemmati-Brivanlou, 1995; Sharpe, 1991; Sharpe,
1992b). Similarly, treatment of isolated ectoderm simultaneously with neural
inducers and posteriorizers gives a posterior neural readout (Cox and Hemmati-
Brivanlou, 1995; Kengaku and Okamoto, 1995; Lamb and Harland, 1995;
Paplopulu and Kintner, 1996; Taira et al., 1997). This change in inducing capacity
could be due to the juxtaposition of lateral (posterioring) mesoderm and dorsal
(neuralizing) mesoderm during convergence. Alternatively, there could be a
change in the inducing capacity of the cells derived from the early gastrula lateral
marginal zone.
4. Removal of the posteriorizing signal should inhibit the formation of posterior
neurectodermal structures. We and others have shown that a dominant negative
RAR can interfere with formation of the posterior hindbrain (Chapter 3, Figure 3.2;
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(Blumberg et al., 1997)). In the work of Blumberg and colleagues, expression of a
spinal cord marker is also blocked, consistent with a role for retinoids in this
patterning process. However, we did not observe such an inhibition of spinal cord
gene expression (Chapter 3), suggesting that the spinal cord is less dependent on
retinoid signaling than the hindbrain.
Overexpression of the dominant negative FGF receptor by RNA injection
interferes with mesoderm formation. The most severe phenotype of these
embryos is the lack of all posterior structures (Amaya et al., 1991; Amaya et al.,
1993). Using transgenic technology, Kroll and Amaya (1996) have expressed this
receptor during blastula and gastrula stages. These embryos are missing
notochord and somites, but appear to have a normal spinal cord and hindbrain
Since it can be argued that this dominant inhibitory receptor might not have been
expressed at high enough levels to inhibit all eFGF signaling during gastrulation,
this leaves open the question of the role of FGFs in posterior neural patterning.
Consistent with our model, Stewart and Gerhart (1990) found that
recombinant embryos missing the central 600 of organizer contained
predominantly posterior neural structures. Surprisingly, the converse experiment
with the central 300 of organizer transfered into a UV irradiated embryo, also gave
posterior rather than anterior neural structures. However, this could be due to
changes in the response of UV-irradiated ectoderm to neural-inducing signals,
rather than a quantitative change in the level of inducer.
5. Complete ventralization of the embryo should prevent neural induction, but
not affect the posteriorizing signal. Another prediction of this model is that
ventralized embryos, while lacking the neuralizing signals from the dorsal
mesoderm, should still express the posterior patterning genes. Preliminary studies
indicate that HoxD1 is still expressed after a ventralizing UV treatment (data not
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shown). A more convincing result would show that retinoid signaling is still
active in these embryos. Conversely, dorsalized embryos should have no
posterior neural tissue. This is indeed true; after LiC1 treatment, the entire
marginal zone has organizer properties, and embryos develop with entirely
anterior structures (eye, cement gland (Kao and Elinson, 1988)). It is not known
how UV treatment affects eFGF and retinoid signalin.
6. Posterior neural tissue should form without initial anterior induction. A
major prediction of Nieuwkoop's two signal model is that posterior neural tissue
must go through an initial anteriorly-specified fate. While this can occur in
recombinants, there is no evidence indicating that this normally occurs in vivo.
Indeed, since lateral ectoderm provides much of the posterior nervous system, it
would never be exposed to the proposed anterior-inducing signal in the course of
normal gastrulation.
Disruption of gastrulation movements can cause loss of anterior
neurectodermal structures without affecting posterior structure formation (for
example by injecting heparin: Mitani (1989)). However, it is difficult to determine
the direct cause of defects in these embryos. When embryos are treated with
retinoic acid anterior structures such as the forebrain are lost, even though
gastrulation proceeds normally (Durston et al., 1989; Ruiz i Altaba and Jessell,
1991b; Sive et al., 1990). In these embryos the dorsal mesoderm has reduced
capacity for anterior neural induction (see Chapter 1 for discussion), thus
suggesting that this "activated" state is not necessary for posterior neural
specification.
Interestingly, a mild ventralization by UV treatment causes loss of anterior
structures, but not posterior ones (Cooke, 1985; Scharf and Gerhart, 1983).
Similarly, very low doses of UV allow formation of spinal cord without any
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floorplate (Clarke et al., 1991). This posterior neuralizing activity may be due to
the autonomous acquisition of neuralizing activity in the lateral mesoderm.
Alternatively, UV could inhibit signals necessary for anterior neural induction that
are independent of general neural-inducing signals. The difficulty with these
experiments is that UV treatment may posteriorize the response of the ectoderm to
inducers as well as ventralize the marginal zone.
7. The lateral ectoderm should be preferentially induced to form posterior
neural tissue. A prediction of our model is that the posterior-inducing signal
changes the competence of the lateral ectoderm to respond to neural-inducing
signals. Conjugation of dorsal mesoderm with lateral ectoderm should produce
more posterior neural induction than conjugation with dorsal ectoderm. Although
this has not been carefully assessed, Doniach and Musci (1995) have shown that
ventral ectoderm gives a more posterior response than dorsal ectoderm in
conjugates with dorsal mesoderm.
8. Inhibition of convergence should block formation of posterior neural
structures. Overexpression of the dominant negative FGF receptor, causes
abnormal gastrulation and loss of posterior structures. Unfortunately, this may
reflect abnormal mesoderm formation. Until there is a better way to inhibit these
cell movements, this point will remain unresolved.
9. Overexpression of the patterning genes in the dorsal ectoderm should
posteriorize the nervous system. The experiments overexpressing HoxD1
described in Chapter 4 begin to address this point. Indeed, HoxD1 can induce
Krox-20 expression ectopically. However, there is no evidence as yet whether the
Krox-20 positive cells are repatterned anterior tissue, or are derived from the
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HoxD1 stimulated proliferation of posterior neurectoderm. For this model to hold
true, overexpression of HoxD1 (or other posterior patterning genes) in the anterior
dorsal ectoderm should posteriorize the neural tissue that forms either in
conjugates with dorsal mesoderm or after treatment with neuralizing factors. The
caveat to such experiments, however, is that the overexpression of several
posterior patterning genes simultaneously may be necessary to provide the proper
molecular address.for posterior neural induction.
10. Blocking the function of the patterning proteins should interfere with
posterior neural development. As yet there are no data for the function of
patterning genes in Xenopus. However, inhibition of retinoid signaling inhibits
both HoxD1 expression, and interferes with posterior hindbrain formation,
suggesting a causal link between these events. See below for proposed
experiments addressing this point.
5.4B Is the posteriorization model applicable to other vertebrates?
An important question is whether the posteriorization model can be
applied to all vertebrates, or is unique to Xenopus and other amphibians.
This model does appear to apply to the zebrafish, Danio rerio. The
hindbrain is specified laterally and spinal cord specified laterally and ventrally
(Woo and Fraser, 1995). Retinoids are found in zebrafish embryos throughout
development (Costaridis et al., 1996), and zebrafish express potential patterning
molecules in the lateral and ventral ectoderm, adjacent to the lateral and ventral
marginal zone (Alexandre et al., 1996). The early gastrula organizer (shield) is able
to induce anterior (otx, pax6), but not posterior (Krox-20), markers in animal cap
ectoderm (Sagerstr6m et al., 1996). Surprisingly, unlike the Xenopus organizer, the
shield itself is specified to express a full A/P range of neurectodermal markers
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(Sagerstr6m et al., 1996). This may indicate that the shield explants used
contained some tissue that had been exposed to the putative posterior-inducing
signal. There is as yet no information on the requirements for retinoids in
zebrafish patterning. However, as in Xenopus, FGF signaling is necessary for the
formation of the posterior of the embryo (Griffen et al., 1995). In a recent screen
for developmental mutants, several variants that had defective convergence
movements were isolated (Hammerschmidt et al., 1996; Solnica-Krezel et al., 1996).
Molecular analysis of gene expression in these mutants will help reveal the
applicability of our hypothesis.
Mouse embryos have very different gastrulation movements than
amphibian embryos. Epiblast cells ingress through the primitive streak as a
mesenchyme, rather that a connected sheet, a process that is not complete until the
end of gastrulation. Although it is at this time that the cells are sorted into germ
layers, there is some regional distinction in cell fate even before gastrulation
(Parameswaran and Tam, 1995). It has been proposed that the mouse primitive
streak is equivalent to the marginal zone (Beddington and Smith, 1993). However,
at early gastrula stages, the streak does not lie adjacent to the presumptive
neurectoderm (Lawson et al., 1991). Indeed, dorso-ventral differences in
mesoderm may not be specified until it passes through the streak (E 7.5; Tam and
Beddington, 1987). Consistent with this, mouse HoxB1 is first expressed around
day 7.5 in the primitive streak and posterior mesoderm, with an anterior boundary
underlying the posterior hindbrain. Subsequently, HoxB1 is activated in the
overlying neurectoderm (Frohman et al., 1990; Murphy and Hill, 1991). HoxAl in
the mouse is already on at high levels at E7.5 (Murphy and Hill, 1991; Sundin et
al., 1990). It is not known whether HoxAl expression initiates in the mesoderm, or
comes on simultaneously in all germ layers. This correlates with the localization
of retinoids; staining from a RARE-lacZ transgene is first detected at E7.5 in the
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posterior of the embryo. The anterior boundary of retinoid activity, at the node,
underlies the posterior hindbrain (Rossant et al., 1991). By headfold stages the
activity of the posterior mesoderm is similar in the mouse and Xenopus; posterior
headfold-stage mesoderm can repress otx2 expression in the anterior
neurectoderm (Ang et al., 1994). It is possible that, in the mouse, the initial
posteriorization signal is only present at late gastrula stages, and acts on
mesoderm and neurectoderm simultaneously.
5.5 Future Directions
There are a number of questions to pursue, in order to refine our patterning
model. I will describe some of the more pertinent and interesting ones below.
5.5A Does lateral ectoderm preferentially form posterior neural tissue?
One fundamental unanswered question proposed by our model is whether
lateral ectoderm has a more posterior response than dorsal ectoderm. This can be
addressed by isolating ectoderm from various regions of early to mid-gastrula
embryos, that would then be either conjugated to dorsal mesoderm or treated with
a neuralizing factor, such as noggin. After culture, the specification of the tissue
could be determined by RT-PCR analysis of regional marker expression. Our
model predicts that posterior neurectodermal markers should be more abundantly
induced in the lateral ectoderm, and anterior neurectodermal markers should be
induced to higher levels in the dorsal ectoderm. Similarly, neural tissue induced
in lateral ectoderm should not contain floorplate, which is a dorsal ectodermal
derivative in the embryo.
The flip side of this experiment is to ask whether overexpression of HoxD1,
a proposed target of the posterior-inducing signal, alters the response of ectoderm
to neuralizing signals. In this experiment, the type of neural tissue induced in
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dorsal ectoderm would be compared with dorsal ectoderm from embryos injected
with HoxD1 mRNA. Similarly, the early gastrula dorsal ectoderm could be
pretreated with RA or FGF and compared with untreated ectoderm. The explants
would be analyzed as described above. The predicted outcome would again be
higher levels of posterior neurectodermal gene expression when HoxD1 mRNA is
present, or when the ectoderm was pretreated with a posteriorizing factor.
5.5B Is HoxD1 required for normal hindbrain patterning?
A second fundamental question is whether the proposed posterior
patterning genes are necessary for posterior regionalization. To address this, I
have constructed a fusion between the repressor domain of Drosophila engrailed
(Jaynes and O'Farrell, 1991) and HoxD1 (Figure 5.2 A). This system has previously
been shown to work well in Xenopus (Conlon et al., 1996). I have removed the N-
terminal regions of HoxD1 that appear to contain the activation domain in this
fusion (Figure 5.2 B). Co-expression of EnRD1 with HoxD1 and PBX blocks
induction of CAT activity through the rpt3 element, suggesting that this does
dominantly inhibit HoxD1 function. Because the labial Hox genes have highly
conserved homeodomains, and can all bind the same element as a heterodimer
with PBX, I would expect this construct to inhibit the function of HoxAl and
HoxB1 as well as HoxD1. This construct could be overexpressed in the embryo,
and gene expression in the hindbrain and spinal cord assayed by whole mount in
situ hybridization. Similarly, EnRD1 could be overexpressed in the early gastrula
lateral ectoderm, and the effect of inhibition of labial Hox gene function on neural
induction in dorsal mesoderm conjugates could be assayed.
5.5C What are the downstream targets of HoxD1?
A third question is what the normal regulatory targets of HoxD1 are during
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gastrulation and neural induction. This could be addressed using the
glucocorticoid receptor HoxD1 fusion (HoxD1-GR). Initially, the effect of HoxD1-
GR and PBX-GR on Krox-20, Sek-1 and XK81 expression could be assessed in the
presence of cycloheximide, to determine whether they are direct HoxD1 targets. A
more ambitious long term study would involve analysis of differential gene
expression (by subtraction) in the presence or absence of active HoxD1-GR/PBX-
GR heterodimers. This would allow the events of the posterior signaling cascade
to be dissected.
5.6 Final Thoughts
The proposed model is almost certainly too simplistic to explain all the
events of anteroposterior patterning in the nervous system. For example, it does
not take into account the apparent necessity for an inducer to reinforce anterior
head specification (see Bouwmeester, et al., 1996; Bradley et al., 1996; Cooke, 1985).
Additionally, there is a qualitative difference in the type of neural tissue induced
by anterior and posterior dorsal mesoderm, even at early neurula (Doniach and
Musci, 1995). This early gastrula posterior dorsal mesoderm signal is different
from our proposed posterior-inducing signal, since it cannot overide anterior
neural induction. A complete model will include all of these observations.
The experiments described in this thesis have given us new insights into the
regionalization of the Xenopus neural plate. The original hypothesis of
Nieuwkoop has been shown to be too simple to explain the complex inductive
interactions of anteroposterior patterning. Retinoids play a definitive role in this
process, at least in part by activating the expression of HoxD1. The general picture
that emerges is consistent with, and builds on, data from other model organisms.
Xenopus was an important tool in this analysis, since the embryos are accessible
and manipulable at early stages. Similar experiments in the zebrafish, particularly
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using mutant embryos, will again add a wealth of new information. It is by
accumulating data from many systems that a final picture of posterior pattern
formation will emerge.
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Figure 5.1 Model of posterior patterning.
A. Vegetal views of gastrulating embryos are shown, with the dorsal side at the
top. A: anterior; P: posterior; D: dorsal; Vg: vegetal. a. At initial gastrula stages the
ventral and lateral mesoderm produces a posterior-inducing signal (closed
arrows). The dorsal mesoderm produces a neural-inducing signal (open arrows).
The dorsal mesoderm may produce a signal that blocks induction of posterior
genes not destined to be expressed in the future ventral midline of the neural tube
(floorplate). By mid gastrula, the posterior patterning gene HoxD1 is expressed in
the lateral and ventral ectoderm (black region). On the dorsal side of the embryo,
the ectoderm has been induced to form neural tissue (grey shading). This tissue is
specified as anterior. b. Convergence movements of lateral cells to the dorsal side
of the embryo during gastrulation (dashed arrows) bring the posteriorly specified
cells in contact with the dorsal neural-inducing signal (open arrows), which
changes their fate to posterior neural. c. By the end of gastrulation this results in
specification of posterior neural structures, including hindbrain and spinal cord
(black region). The original posterior dorsal ectodermal cells now contribute
primarily to the floorplate (grey region). B. At the end of gastrulation, neural
fates have been regionalized. Dorsal view of late gastrula embryo. Anterior is at
the top. Retinoids are necessary for normal HoxD1 expression (black shading),
and therefore hindbrain patterning and. Patterning of the extreme posterior of
the neurectoderm (spinal cord) is dependent on FGFs, expressed around the
blastopore (hatched region, notochord expression is not shown). Midline cells that
will form the ventral neural tube (floorplate) are derived from early gastrula
dorsal ectoderm (grey shading). Anterior neural specification (white area) may
require head-inducing signals in addition to neural-inducing signals.
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Figure 5.2 A dominant inhibitory engrailed-HoxDl fusion.
A. Constructs. The coding region of Xenopus HoxD1 is shown with the
homeodomain (striped region) and "labial domain" (speckled region). HoxD1 was
fused in frame to a multimerized myc epitope tag (MT). A fusion of the myc
epitope tag with the C-terminal half of HoxD1 (see methods) was also constructed
(MTD1(Pvull)). To make an engrailed repressor-HoxD1 fusion (EnRD1), the C-
terminal half of HoxD1 was fused in frame to the first 100 amino acids of
Drosophila engrailed.
B. Embryos were injected with a DNA construct containing the either the wild-
type rpt3 enhancer or mutant rpt3* enhancer linked to adenovirus minimal major
late promoter (MLP) and chloramphinicol acetyl transferase. Intact or mutant
HoxD1 mRNA was injected with or without human PBX or the EnRD1 mRNA.
Pools of 5-10 embryos were harvested at late gastrula (stage 12-12.5). Duplicate
CAT assays were performed on 2.5 embryo equivalents of lysate. The average
cpm generated from the assay with the cpm values generated by uninjected
embryos subtracted out are plotted on the y-axis. Standard error on the two
values is indicated. The fold induction relative to the rpt3 construct without
coinjected mRNA harvested at the same stage is shown above the value bars.
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Appendix A: Efficient hormone-inducible function in Xenopus laevis
(published as Kolm and Sive, 1995b)
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Al Introduction
Ectopic expression of genes in a temporally controlled manner is useful for
analyzing gene function during development. In Xenopus, a typical technique to
misexpress genes involves injection of RNAs into cleavage-stage embryos.
Although this results in widespread and high level expression, injected RNAs are
generally translated immediately after their introduction, resulting in expression
many hours earlier than the normal period of gene function with potentially
misleading results. While expression later during development can be obtained by
expressing genes from promoter-driven plasmid DNA, such constructs are expressed
in only a fraction of cells that contain the DNA (Vize, et al., 1991).
In an attempt to obtain efficient inducible gene expression in Xenopus
embyos, we have tested a steroid hormone-inducible system that has been useful in
tissue culture. This system utilizes fusions between the hormone-binding domain
of the estrogen or glucocorticoid receptor and a heterologous protein. In the absence
of hormone, the fusion protein is inactive, while addition of hormone results in the
rapid activation of the fusion protein (for example see: Hollenberg, et al., 1993,
Picard, et al., 1988).
Although embryos are far more complex than tissue culture cells, we tested
whether this system would extend to Xenopus embryos. We chose the myogenic
helix-loop-helix gene MyoD (Davis et al., 1987) as a paradigm, since, after
overexpression in Xenopus embryos, its activity can be monitored by ectopic
expression of muscle-specific actin RNA (Hopwood and Gurdon, 1990, Rupp, et al.,
1994). In tissue culture, hormone-inducible MyoD has been made by fusion to either
the estrogen or glucocoticoid receptors (Hollenberg and Weintraub, 1993). Here, we
show that activity of these MyoD-receptor fusion proteins is tightly regulated and
hormone-inducible in Xenopus embryos.
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A2 Results and Discussion
A2A MyoD-hormone receptor fusions are activatable in animal caps and whole
embryos
MyoD function can be assayed by ectopic induction of muscle-specific actin
(MSA) RNA in Xenopus animal caps or whole embryos (Hopwood and Gurdon,
1990, Rupp, et al., 1994). We initially tested the effects of RNAs encoding fusions
between MyoD and the estrogen or glucocorticoid receptor ligand-binding domains
(MyoD-ER and MyoD-GR respectively) in an animal cap assay. The level of MSA in
caps without hormone treatment was negligible and similar to that in uninjected
caps (Figure A.1A). After treatment with the appropriate hormone (P-estradiol or
dexamethasone), however, very strong expression of MSA was observed in caps
containing MyoD-ER or MyoD-GR mRNA. MSA RNA accumulation was
dependent on exposure to the correct hormone, demonstrating the specificity of the
induction (Figure A.1A).
We observed similarly tight regulation of MSA induction when intact
embryos injected with MyoD fusion RNAs (50 pg) were assayed. In the absence of
hormone, no ectopic MSA was observed (Figure A.1B; panels 1,3), however,
treatment with the appropriate hormone-induced high levels of ectopic MSA RNA
(Figure A.1B; panels 2,4). Treated embryos frequently gastrulated abnormally on the
injected side of the embryo, as has been previously reported (Rupp, et al., 1994).
Application of f-estradiol or dexamethasone to uninjected embryos did not cause
any morphological abnormalities as reported previously (Baker and Tata, 1990, Gao,
et al., 1994), and did not alter the expression of the neural markers otx2 (Pannese, et
al., 1995) and Krox-20 (Bradley, et al., 1992) or the mesodermal markers brachyury
(Smith, et al., 1991) and muscle specific actin (Figure A.1B and data not shown).
After injections of ten-fold more MyoD-ER RNA (500 pg) a low level of ectopic MSA
RNA was observed in the absence of hormone, presumably due to low levels of
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endogenous estradiol (data not shown). Since this effect was not seen with MyoD-
GR, we used this construct for further analyses.
A2B MyoD fusion proteins are more effective than unmodified MyoD
Unmodified mouse MyoD mRNA was not able to induce muscle actin in
animal caps when injected at levels similar to the fusion RNAs (50pg per embryo,
Fig. A.1 A), however, a ten-fold higher concentration was able to induce MSA
(Rupp, et al., 1994; and data not shown). This suggested either that MyoD fusion
proteins were more effective inducers than the unmodified protein or that higher
levels of fusion protein than unmodified protein were present in embryos. Our
analyses indicated that the latter was true. Unmodified MyoD protein could not be
detected in MyoD-injectedembryos by Western analysis using a mouse MyoD-specific
antibody (5.2F; Dias, et al., 1992). MyoD-GR was readily detected with this antibody
(Fig. A.1 C), indicating higher levels of the fusion protein than the unmodified
MyoD protein. The presence of unmodified MyoD protein was confirmed with
another antibody (5.8A). Since the 5.8A antibody was unable to recognize MyoD-GR
protein, due to the proximity of the antigenic epitope and site of receptor fusion, a
direct comparison of unmodified and fusion protein levels was not possible.
Maximal levels of MyoD-GR protein were seen at early and late gastrula stages
(stages 10.5 and 12.5; Fig. A.1C) and persisted into neurula stages (stage 14; not
shown), indicating that fusion proteins could potentially be activated relatively late
in development. MyoD-GR protein levels, but not those of MyoD (not shown),
decreased after dexamethasone treatment, especially when hormone was added at
late gastrula (Figure A.1C). This implied that the glucocorticoid receptor ligand
binding domain stabilized the fusion protein, probably by interacting with hsp90
(reviewed in Tsai and O'Malley, 1994). These results could not be explained by
differential stability of MyoD and MyoD-GR RNAs (Figure A.1D). In summary, our
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data suggest that the increased effectiveness of the fusion proteins is due to the
greater stability of these proteins relative to native MyoD.
A2C MyoD-GR activation is rapid
Finally, we determined the length of treatment necessary for the induction of
active MyoD-GR protein (Table Al). This activation was dependent both on the
length and the stage of treatment. When hormone treatment was initiated at
midblastula, more than four hours of treatment were necessary until detectable
MSA RNA was induced. However, when treatment began at different stages, with
embryos harvested at early neurula (stage 14-15), ectopic MSA expression was seen
with as little as two hours of treatment. This is fast relative to MSA RNA induction
in stably transfected tissue culture cell lines, which require 10 hours of hormone
treatment for MSA induction (Hollenberg, et al., 1993). In tissue culture, the length
of hormone treatment necessary is dependent on the level of MyoD-ER or MyoD-GR
expression (Hollenberg, et al., 1993). Introduction of higher levels of mRNA into
Xenopus embryos may therefore allow more rapid induction.
In conclusion, we have shown that steroid hormone fusion genes are likely to
be useful tools for regulating ectopic gene function in embryos. In Xenopus, region-
specific induction of fusion constructs may be achieved either by injecting mRNA
into specific blastomeres or by introducing oil droplets containing hormone into
specific regions of the embryo as has been successful for retinoid delivery (Drysdale
and Crawford, 1994). In tissue culture, inducible fusion proteins have been reported
for several different classes of DNA-binding proteins (for example see: Becker, et al.,
1989, Eilers, et al., 1989, Hollenberg, et al., 1993; Gammill and Sive, 1997), as well as
the tyrosine kinase c-abl (Jackson, et al., 1993), suggesting that multiple classes of
proteins may be rendered hormone-inducible in whole animals.
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Table Al. Induction of muscle-specific actin by MyoD-GR is dependent on the stage and length of treatment.
stage
hours after
fertilization
9
7
7I-
10.5
11
11.5-12
13I I I I I
14.5
17
-1-t-I
U V
U Y
'V
V initiation of hormone treatment
M period of hormone treatment
y stage of harvest
% embryos w/
Hours of ectopic MSA
Hormone (expression
Treatmenta level)b
4 0
6 11 (weak)
8 1 00(weak)
10 100(strong)
6 100(strong)
4 61 (weak)
2 19 (weak)
0 0
Embryos were microinjected with MyoD-GR RNA as described in Fig. 6.1B. Induction of MyoD function was assayed by whole mount in situ hybridization for
ectopic muscle-specific actin induction.
a. Embryos microinjected with MyoD-GR were treated with DEX for the number of hours indicated. Black bars indicate the period of treatment. Open
arrowheads indicate the stage treatment began. Closed arrowheads indicate the stage of harvest.
b. Activation of Myo-GR was assayed by whole mount in situ hybridization for MSA. All embryos were stained for the same amount of time. Strong expression
indicates the level of ectopic MSA is similar to or higher than endogenous MSA at stage 14 - 15. Weak expression indicates ectopic MSA levels much lower
than endogenous MSA at stage 14-15.
Total # of
embryos
analyzed
(# of expts)
14(2)
9(1)
9(1)
22 (3)
20 (2)
23 (3)
21 (2)
26 (3)
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Figure A.1 MyoD-GR and MyoD-ER induce muscle actin in a hormone-dependent
fashion.
A. Muscle-specific actin induction in animal caps. Mouse MyoD, MyoD-GR or
MyoD-ER mRNA was microinjected into each cell of 2-cell embryos, animal caps
were isolated at mid-blastula (stage 8.5) and allowed to develop to early neurula
equivalent of (stage 18) in the presence or absence of 10-6 M j-estradiol (E) or 10-5 M
dexamethasone (D). Muscle specific actin (MSA) RNA was visualized by Northern
blot analysis. Lanes 1-3: uninjected; lanes 4-6: unmodified MyoD; lanes 7-9: MyoD-
GR; lanes 10-12, MyoD-ER. Muscle-specific actin is indicated by an asterisk. The blot
was reprobed for EFlc as a loading control.
B. Muscle-specific actin induction in whole embryos. Mouse MyoD-ER or MyoD-GR
mRNA was microinjected into one cell of two-cell albino embryos, together with P-
galactosidase mRNA as a lineage tracer (light blue). Hormone treatment began at
mid-blastula (stage 8.5). MSA expression was visualized by whole-mount in situ
hybridization (purple) at late neurula (stage 18). 3-galactosidase staining was
obscured by strong ectopic MSA expression. Arrows: endogenous MSA expression.
Panel 1: MyoD-ER injected, untreated, lateral view, anterior right; panel 2: MyoD-ER
injected, P-estradiol treatment, lateral view, anterior left; panel 3: MyoD-GR
injected, untreated, ventrolateral view, anterior right; panel 4: MyoD-GR injected,
dexamethasone (DEX) treatment, ventral view, anterior right.
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Figure A.1
C. Western blot analysis of MyoD protein levels in microinjected embryos. Mouse
MyoD or MyoD-GR mRNA was microinjected into each cell of 2-cell embryos.
Embryos were treated with dexamethasone (DEX) from mid-blastula (stage 8)
onwards, and lysed at the stage indicated. One embryo equivalent of protein was
analyzed using the 5.2F or 5.8a anti mouse-MyoD monoclonal antibody. 5.8a only
recognizes the intact MyoD protein. Lanes 1-4: harvest at early gastrula (stage 10.5):
lane 1: MyoD injected, untreated; lane 2:MyoD injected, DEX treatment; lane 3:
MyoD-GR injected, untreated; lane 4: MyoD-GR injected, DEX treatment; lanes 5-9:
harvest at late gastrula (stage 12.5): lane 5: MyoD injected, untreated; lane 6: MyoD
injected, DEX treatment; lane 7, MyoD-GR injected, untreated; lane 8: MyoD-GR-
injected, DEX treatment; lane 9, uninjected embryo. The PonceauS stained gel
indicated equivalent loading in all lanes (not shown).
D. Northern blot analysis of mMyoD RNA levels in microinjected embryos. Mouse
MyoD or MyoD-GR mRNA was microinjected into each cell of 2-cell embryos.
Embryos were treated with dexamethasone (DEX) from mid-blastula (stage 8)
onwards, and lysed at the stage indicated. One embryo equivalent of RNA was
analyzed by Northern blotting, using a mouse MyoD probe. Under the
hybridization conditions used, Xenopus MyoD transcripts were not detected.
Ethidium bromide stained 28S ribosomal RNA is shown as a loading control. Lanes
1, 2: Embryos harvested 90 min. after injection (stage 5); lanes 3-6: harvest at early
gastrula (stage 10.5); lanes 7,8: harvest at late gastrula (stage 12.5). Lane 1: MyoD
injected, untreated; lane 2: MyoD-GR injected, untreated; lane 3: MyoD injected,
untreated; lane 4: MyoD injected, DEX treatment; lane 5: MyoD-GR injected,
untreated; lane 6: MyoD-GR injected, DEX treatment; lane 7: MyoD injected,
untreated; lane 8: MyoD-GR injected, untreated.
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B1 Embryo Culture and Dissection
B1.A Fertilization and staging of embryos
Wild-type or albino Xenopus laevis eggs were collected and fertilized as
described in Sive et al. (1990). All embryonic stages referred to here correspond to
those of Nieuwkoop and Faber (1967).
B1.B Dissections
All dissections were performed in 1x Modified Barth's Saline (MBS; 88mM
NaC1, 1mM KC1, 0.7mM CaC12, 1mM MgSO4, 5 mM HEPES pH 7.8, 2.5mM
NaHCO3). Explants were allowed to develop in 0.5x MBS for the time indicated in
the text.
For animal caps (AC), animal pole ectoderm from stage 8-10 embryos (exact
stage is indicated in the text) was isolated and incubated either in 0.5xMBS alone, or
in growth factors as indicated below.
For stage 12.5 - 13 dorsal mesoderm and ectoderm isolation, the posterior
dorsal half of the embryo (excluding the blastopore) was removed and placed in a
solution of 0.1% trypsin diluted in 1x MBS. The mesendoderm and ectoderm were
teased apart, rinsed several times in 0.5x MBS, and harvested as described below.
Dorso-lateral mesoderm (LM) for conjugation to animal caps was isolated
from stage 12 lineage labeled embryos (see below for details). Involuted mesoderm
in a 900 arc adjacent to the organizer was isolated from either wild type (for RT-PCR
analysis) or FLDX-injected albino embryos (for in situ analysis). All endoderm and
bottle cells were removed. Conjugates with stage 9 animal cap ectoderm were made
within 1 hour of mesoderm isolation. Conjugates were allowed to heal for about 30
min. in 1X MBS, then transferred to 0.5X MBS and incubated to early neurula
equivalent (stage 14-15).
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Anterior dorsal ectoderm (aDE) was isolated from stage 11.5 gastrula embryos.
Ectoderm extended in a 90-100' arc laterally, and reached from the blastocoel to the
anterior limit of the archenteron. aDE's were either incubated in 0.5X MBS alone
or in growth factors as indicated below to the equivalent of late tailbud (stage 28).
Conjugates were made by isolating the posterior 1/3 of involuted dorsal mesoderm,
and combining them with aDEs. Conjugates were allowed to heal for about 30 min.
in 1X MBS, then transferred to 0.5X MBS and incubated to late tailbud (stage 28)
equivalent.
Tissue was harvested as decribed in the Northern Blot analysis section.
B1.C In vitro treatments
Embryos and explants were treated with 0.2-1 gM all-trans retinoic acid
(Sigma) freshly diluted from 0.1M stock in DMSO as described in Sive et al. (1990).
Embryos and explants were kept in the dark during treatment. For thyroid
hormone treatments, explants were placed in 0.1 jiM 3, 3',5-triiodothyronine (T3,
Sigma). Explants were treated with peptide growth factors as follows: 80-200 ng/ml
bFGF (supplied by D. Kimelman or Promega), 6 ng/ml activin A (Genentech) in 0.5x
MBS with 0.1 mg/ml BSA (NEB).
For inducible proteins, embryos and animal cap explants were treated with
17f3-estradiol (E2, Sigma, 1LgM) or dexamethasone (DEX, Sigma, 10M) freshly
diluted in 0.1X or 0.5X MBS as appropriate.
Cycloheximide treatment (5 giM) began 30 minutes prior to addition of RA,
and continued for the entire RA treatment. In parallel experiments cycloheximide
treatment inhibited the incorporation of [3H]leucine 90 - 95%.
Tissue was incubated for the time specified in the text and harvested as described
below.
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B1.D Microinjection of mRNA
Capped mRNA for microinjection was synthesized as described in Krieg and
Melton (1987). Templates used are indicated in Table B.1.
Embryos were dejellied 15 minutes after fertilization. At the two cell stage
embryos were placed in 4% Ficoll (Sigma) and injected with 5 - 10 nl of a 0.02-0.2
mg/ml mRNA solution (P-galactosidase mRNAwas used at 0.01 mg/ml as a tracer
in whole embryo assays). mRNA was microinjected into either the animal
hemisphere of both blastomeres (for animal cap assays), in the marginal zone of
one blastomere (for dominant negative receptors), or randomly in one blastomeres
(phenotypic analysis of inducible constructs). Embryos recovered in 1x MBS with
4% Ficoll for at least 60 minutes, then were transferred to 0.1 x MBS with 1% Ficoll.
B1.E Inhibition of proliferation
Embryos microinjected with HoxD1 RNA or CAT RNA (see below) were
allowed to develop to early gastrula (stage 10) and then placed in a combination of
hydroxyurea (20 mM) and aphidocolin (150 gM) (Hartenstein, 1989). Embryos were
harvested at late neurula, fixed, and stained for f-galactosidase as described below.
Several embryos were allowed to develop to hatching stages to ensure efficacy of
treatment.
B2 Cloning and sequence analysis
All techniques are as described in Sambrook et al., 1989, unless otherwise indicated.
Enzymes were obtained from Stratagene or NEB.
B2.A Sequence analysis of HoxD1 and HoxAl
The isolation of the original partial clones of HoxAl and HoxD1 (previously
called Xhox.lab2 and Xhox.labl) is described elsewhere (Sive and Cheng, 1991). A
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Table Bl:Templates for in vitro transcription
Plasmid Linearizationa
of capped mRNA
Pol.b Reference(s)
CAT p64TCAT SmaI SP6 Kamps et al., 1990
nuclear f- pSP6nuc3gal XhoI SP6 Smith and Harland, 1991
galactosidase
globin pXPM PstI SP6 Krieg and Melton, 1984
c-erbA p64T-c-erbA BamHI SP6 Sap et al., 1986
v-erbA p64T-v-erbA BamHI SP6 Privalsky et al., 1988
XARA pXARA BamHI SP6 Hemmati-Brivanlou and
Melton, 1992
XFD pXFD/Xss EcoRI SP6 Amaya et al., 1991
RARA RARo2.2#252 BamHI SP6 Sharpe and Goldstone, 1997
RAR m  RARa2.2#261 BamHI SP6 Sharpe and Goldstone, 1997
RARa2.2 RARa2.2#242 BamHI SP6 Sharpe, 1992
mMyoD p64T-MyoD BamHI SP6 Davis, et al., 1987
mMyoD-ER p64T-MyoD-ER BamHI SP6 Hollenberg, et al., 1993
mMyoD-GR p64T-MyoD-GR BamHI SP6 Hollenberg, et al., 1993
hPBX1 pSP64pbx SmaI SP6 Harland and Misher, 1988
hPBX-GR pSP64PBXGR(Apa' SmaI SP6 This work
HoxD1 64T-XL1/C ApaI SP6 Sive and Cheng, 1991
HoxD1-GR D1-A/S-GR ApaI SP6 This work
MT-D1 CS2+MT-D1 ApaI SP6 This work
MT-D1 (PvuII) CS2+MT-D1(PvuII)Apal SP6 This work
EnR-D1 CS2+EnRD1 ApaI SP6 This work
HoxA1-GR mHoxA1GR-A/S ApaI SP6 LaRosa and Gudas, 1988
HoxB1-GR mHoxB1GR-A/S Apal SP6 Frohman et al., 1990
a. Restriction endonuclease used to linearize template.
b. RNA polymerase used for in vitro transcription.
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Gene
full-length clone of Xhox.labl was classified as the Xenopus HoxD1 (using the Hox
gene nomenclature of Scott, 1992). The sequence is essentially identical to that
reported by Blumberg et al., (1991). Resequencing of this clone has shown that the
reported HoxD1 carboxyl-terminal sequence (Sive and Cheng, 1991) was frame-
shifted, so that the true carboxyl-terminus actually extends 40 amino acids, rather
than 86, beyond the homeodomain. Similar analysis of the Xhox.lab 2 partial clone
indicates that it is the Xenopus HoxAl homologue. The GenBank accession number
for HoxAl is L25856 and for HoxD1 is L25857. Primers used are shown in Table B2
and Figure B1.
B2.B Expression plasmid construction and subcloning
Templates for mRNA synthesis designated 64T were constructed by isolation
of inserts as described below, and ligation into BglII-cut pSP64T (Krieg and Melton,
1984) with filled in ends. XARA (dominant negative Xenopus activin receptor, 64T-
XAR SacII-AccI fragment. This gives a translation product essentially as described
in Hemmati-Brivanlou and Melton, 1992); 64T-cerbA (chicken c-erb A, pCEAII
EcoRI fragment; Sap et al., 1986); 64T- v-erbA (avian erythroblastosis virus erbA.
pGEM-gag-v-erbA, ScaI-HindIII fragment; Privalsky et al., 1988); 64T-CAT
(chloramphenacol acetyl transferase; Kuo, 1996).
Sma I inserts from mouse MyoD (pEMC11-S, Davis, et al., 1987), mouse
MyoD-estrogen receptor fusion gene (pMyoD-ER, Hollenberg, et al., 1993), mouse
MyoD-glucocorticoid receptor fusion gene (pMyoD-GR, Hollenberg, et al., 1993) ,
and mouse MyoD-thyroid hormone receptor (pMyoD-TR, Hollenberg, et al., 1993)
were also subcloned into pSP64T (p64T-MyoD, p64T-MyoD-ER, and p64T-MyoD-
GR).
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Table B2: HoxD1 primers
Primer Name Location in gene F/R a SEQUENCE
PJKI-HoxDl intron F CAGGATCCACGAAATCAGAGCAAG
PJK2-HoxDl intron R CAGAATTCAGAACATTAGCGCCTC
PJK3-HoxDl N-terminus F CAGCCCCGATTACGATTATTATGG
PJK4-HoxDl N-terminus/labial R CCGGGGAGGCAGGTTTTG
PJK5-HoxD1 C-terminus R CGGATGGGGGAGAGTTGG
PJK7-HoxD1 5'UTR F TGAGCTCCACCTGAATC
PJK8-HoxD1 N-terminus R CACACCCCCGACTGGCATAA
PJK9-HoxDl N-terminus R CATCCCCGCAAGAAGTGT
PJK10-HoxDl 3'UTR F CATGAAGGGTGGAGATTTACAAGT
PJK11-HoxDI 3'UTR R TGAGGCACAGGGAACAACAG
PJK12-HoxD1 3'UTR F ACCCCAAGCAGCCAAAACTA
PJK13-HoxDl 3'UTR R GAGGCACAGGGAACAACAGC
HLS80 homeodomain F GACTCGAGARYTNGARAARGARTT
HLS81 homeodomain R GTGAATTCTANCKNCKRTTYTGRAACCA
HLS84 3'UTR R CAAATTCAGTCGAAT
HLS85 labial R GACTTGTTACCCCATATTC
HLS89 N-terminus R TAAGATCCATTGCCTGG
HLS91 3'UTR R GACCCTATATTTGTATTTAATGC
HLS93 N-terminus F CATCCTCAATGGGCAGC
HLS95 labial domain F CGTTTGATTGGATGAAAG
HLS97 C-terminus R CTAGGGTGAAGCGTC
HLS100 N-terminus R GATCCATAATAATCGTAATC
HLS110 5'UTR F CAGGTGAAAGATTG
HLS111 N-terminus F TGTAAGGAACCACTAG
HLS112 intron F TCCTTTCTAGAACTCC
HLS113 3'UTR F ATGTACTGCACATACTG
HLS114 intron F CTTCTCATTCTGGACGGTG
LSG1 N-terminus R AACCTGCTGATCCCTC
LSG2 3'UTR F ACTGCTGTATATATC
a. Forward or Reverse primer
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Figure B1. Location of HoxD1 primers
Schematic diagram showing the location of HoxD1 primers (as listed in Table 2).
Primers in the forward orientation are shown above the gene, reverse primers
below. Location of the intron is approximate. Note that the intron is shown at a
different scale than the rest of the diagram. The total length of the HoxD1 cDNA is
1.8 kb. Single line : untranslated sequence, boxes: coding region, shading: labial
domain, vertical bars: homeodomain, hatched line: intron.
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For in situ hybridization with Otx2, a PCR product derived from pT7TS-
MC19/1 (Pannese, et al. 1994) using primers otxA.1 and otx2D was cloned into T-
tailed pBluescript SK- . This removes ~-globin sequences from the original plasmid,
which cross hybridize to microinjected RNA. For in situ hybridization of RARc2.2,
a fragment subcloned from RARa2.2#242 into pBluescript was used (L. Gammill,
unpublished).
B2.C Isolation of Xenopus Pbx sequences
Xenopus Pbx sequences were isolated from stage 13 cDNA (prepared as
described below), using two degenerate primers; Pbx5'b and Pbx3'b (see below).
PCR product of the correct size was purified from an agarose gel, digested with
XbaI and EcoRI, and cloned into pBluescript (Stratagene) using standard
techniques. Inserts were sequenced by dideoxy sequencing. This clone was
used as a probe to isolate full length Pbx clones from a st. 11.5 dorsal ectoderm
library in lambda ZAP (R. Nandagopal, unpublished). Two clones containing
the full-length coding region of Xenopus Pbx (xPbx) were isolated and
sequenced by automated sequencing. The primers used are shown in Table 3
(and Fig. 4.07). The two clones began at the same nucleotide and were identical
through the 5' UTR and coding region, except for 9 clone-specific nucleotides.
None of these changes altered the protein sequence of the Pbx coding region.
One clone ended with about 1 kilobase less 3' UTR. This is unlikely to be a
natural variant of Pbx, since there was one band of roughly the size of the
longer clone on a Northern blot.
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Table B3: Xenopus Pbx primers
Primer Name Purpose RE sitea F/R b SEQUENCE
PBX 5'b cloning XbaI F AAAATCTAGATGAARCCNGCNYTNTTY
PBX 3'b cloning EcoRI R GGGGAATTCKYTTRTTNCCRAACCART
PBX-C sequencing N A F TCGCAGGACCAGAGAAAG
PBX-D sequencing NA F CACTCAGATTACAGAAACAAACTT
PBX-E sequencing NA R GTTACTCAGATGTGAGTAG
PBX-F sequencing N A R ATCGGGAGCGAAGGATCATG
PBX-G sequencing N A F GGCTCTTTTTCGCGTTCTTTGTG
PBX-H sequencing N A R ATAGGTCTGGTTCGGCTCTGCTCT
PBX-I sequencing NA F GAGCAGAGCCGAACCAGACCTATC
PBX-J sequencing NA R AGCTCCTCCTTTGCCTCCTCACTA
PBX-K sequencing NA R TGCGAACGCGTGAACAAA
PBX-L sequencing NA F TTTTCTCTAACTTGATCTGCTTCC
PBX-M sequencing NA F TAGTGAGGAGGCAAAGGAGGAGCT
PBX-N sequencing NA F TCTGACACCTCGAACTGA
PBX-O sequencing N A F AAGGGCAGAGACTATTGC
PBX-P sequencing NA F GCAAGCTAGGCAGCAGAA
PBX-Q sequencing NA F AAATCGCATGTTGGAAGC
PBX-R sequenceing NA R CTAGACAACGTTATACAGC
RN-11 3' sequencing NA R TACACATGTTCCTGAATAAG
RN-11 5' sequencing NA F AGGGGGGTGGGGATTCCAGG
RN-51 3' sequencing NA R CCACTTTAGGCATCCATCTT
RN-51 5' sequencing N A F ACAAGGAAAGGCTGATGCAG
a. Restriction enzyme recognition site
b. Forward or Reverse primer.
contained in the primer. NA: not applicable.
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B2.D Construction of hormone-inducible proteins
The GR ligand binding domain (lbd) was isolated by PCR from MyoD-GR
(Hollenberg et al., 1993) using primers with appropriate restriction enzyme sites to
make in-frame fusions. The PCR reaction mixture contained 1X Taq buffer
(Promega), 1.5 mM MgC12, 0.2 mM of each dNTP, 2.5 U Taq polymerase, 0.2 U Pfu
polymerase (NEB) and 0.4 uM of each primer. Twenty cycles of 1 min, 94°C; 1 min.,
55 0C; 2 min. 720C were used with reactions containing 100 ng of template. PCR
products were purified by extracting once with chloroform, once with phenol and
chloroform and ethanol precipitation. The resulting DNA was digested with
proteinase K (50 .g/ml) for 60 min. at 370 C, followed by phenol extraction and
ethanol precipitation. Purified products were then digested with the appropriate
restriction endonuclease and isolated by electrophoresis on an agarose gel.
Table B4: GR-ligand binding
Primer Name Purpose
domain primers.
RE sitea F/Rb SEQUENCE
GR1-ApaI PCR ApaI F GGCGCCGGGGCCCCCTCTGAAAAT
GR2-Apal PCR Apal R GCGGCGGGCGGGCCCACTTTTGAT
GR1-Avall PCR Avall F GGCGCCGAGGGACCCTCTGAAATC
GR2-StuI PCR Stul R GGCGGGCAAGGCCTACTTTTGATG
GR3 sequencing NA F ATTGCAGCAGTGAAATG
GR4 sequencing NA F ACCCTGCATGTACGACCAAT
GR5 sequencing NA F GAAACTCCAGCCAGAAC
GR6 sequencing N A F TCACCAATCAGATACCAAAAT
GR7 sequencing NA R ATCCTGCATATAACACTTC
GR8 sequencing NA R CACTTCATGCATAGAATC
GR9 sequencing NA R GAAACATACAGCATGTG
a. Restriction enzyme recognition
b. Forward or Reverse primer.
site contained in the primer. NA: not applicable.
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To construct PBX-GR, the GR-lbd was inserted into an unique ApaI site in the
C-terminal domain of PBX1. For HoxD1 GR-lbd fusion (D1-A/S-GR), GR-lbd was
PCR amplified with AvaII-site containing forward primer and StuI-site containing
reverse primer. The StuI primer (GR2-StuI) contained an in-frame stop codon,
truncating the last 29 amino acids from the HoxD1 protein. This was ligated to an
EcoRI-AvallII fragment of HoxD1 (from XL1/C) and inserted into EcoRI-EcoRV
digested pBluescript. From this plasmid an EcoRI-XhoI fragment was isolated,
ligated to the EcoRI-PvuII fragment containing the normal HoxD1 ATG, and
inserted into StuI-XhoI digested pCS2+. To construct Al-GR and B1-GR, a
conserved BglII site in the homeodomain was utilized. For Al-GR the mouse
HoxAl (pERA-1-993 (LaRosa and Gudas, 1988a)) BamHI - BglII fragment replaced
the BamHI - BglII fragment of HoxD1GR (A/S). Similarly, for HoxB1-GR the mouse
HoxB1 (pHox2.9, (Frohman et al., 1990)) ClaI - BglII fragment replaced the ClaI - BglII
fragment of HoxDIGR (A/S). These fusion genes encode proteins containing 12
HoxD1 amino acids between the homeodomain and GR ligand binding domain.
All constructs were analyzed by in vitro translation of in vitro transcribed
RNA in reticulocyte lysate (Promega) in the presence of 35S-Methionine, following
the manufacturers directions. Resulting protein products were analyzed by SDS-
PAGE and autoradiography. Clones which produced the correct sized protein were
sequenced.
B2.E Construction of Myc-tagged variants of HoxD1
To make deletion and myc-tagged HoxD1 constructs, the EcoRI - NsiI
fragment of HoxD1 (pXL1/C) was cloned into the EcoRI - PstI sites of pBluescript
SK+ (SK+Dl(R1/Nsi)). The EcoRI - XbaI fragment of SK+D1(R1/Nsi) was then
ligated into EcoRI - XbaI digested pCS2-MT (Rupp et al., 1994) to make MT-D1. This
vector adds 6 copies of the myc epitope to the N-terminus of HoxD1. The EcoRI site
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of HoxD1 lies at the presumptive initator codon (ATG AATTC), so that only the
initial methionine is lost. An N-terminal deletion variant of MT-D1 was
constructed by ligating the Pvull - XbaI fragment of SK+D1 (R1/Nsi) into StuI - XbaI
cut CS2+MT. This encoded protein lacks the initial 124 amino acids of HoxD1, but
leaves the labial domain and homeodomain intact.
B2.F Construction of HoxD1-Engrailed repressor fusion
The repressor domain-containing N-terminal domain of Drosophila
melanogaster engrailed (Jaynes and O'Farrell, 1991) was isolated from pT73en by
NdeI - SacI digest. This was inserted into SmaI - SacI digested SP72 to give the
plasmid pSP72-EnR. The BamHI - EcoRII fragment from pSp7R-EnR was ligated to
the EcoRI - XbaI fragment of MTD1(PvuII) and BamHI - XbaI digested CS2+(Rupp et
al., 1994).
B2.G Construction of the rpt3 reporter plasmid
A minimal adenovirus major late promoter and CAT reporter gene were
inserted 3' to either three tandem copies wild type rpt3 (SK+331) or mutant rpt3
(SK+413) (Chan et al., 1996). A HinDEII (blunt) - BstXI fragment from polyA-MLP-
PTCAT ((Carthew et al., 1985); Harland, 1988 #2035; L. Gammill) was inserted into
the NotI(blunt) - BstXI digested SK+331 or SK+413.
B3 Analysis of Gene Expression
B3.A Isolation of RNA and Northern analysis
RNA was prepared from explants and embryos by proteinase K
treatment and phenol extraction (Condie and Harland, 1987). RNA was
analyzed by Northern blotting (Sambrook et al., 1989). Probes were prepared
either by random priming of inserts (Sambrook et al., 1989) or by asymmetric
amplification using the polymerase chain reaction (Sive and Cheng, 1991).
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Plasmids and insertes used for Northern blot probes are shown in Table B5.
Table B5: Plasmids and inserts for Northern blot probes
Gene Template Enzymea linearize/insertb Reference (s)
HoxD1 pXhox.labl EcoRI linearized Sive and Cheng, 1991
HoxAl pXhox.lab2 HindIII linearized Sive and Cheng, 1991
Xbra pXT1 EcoR1 insert Smith et al., 1991
Mix1 pMixl EcoR1 insert Rosa, 1989
XK81 pGEM81B EcoR1 linearized Jonas et al., 1985
XMyoD pSP73-M24/3 BamHI linearized Hopwood et al., 1989
Pbx XPBX clonell StuI linearized This work
EFlac pXefl EcoR1 insert Krieg et al., 1989
muscle actin pBS-AC100 EcoR1 linearized Stutz and Spohr, 1986
a. Indicates the enzyme used to linearize the plasmid or isolate the insert.
b. Indicates whether the plasmid was linearized for asymmetric PCR probe
synthesis or whether an insert was isolated for random prime probe synthesis.
B3.B RT-PCR
RNA was prepared as for Northern analysis, with the addition of a DNaseI
treatment (2 gl, 60 min. in 1x Buffer #4 (NEB) or 0.5X Universal Buffer
(Stratagene)). Analysis of gene expression by RT-PCR was essentially as described in
Sagerstrom et al. (1996). RNA (about 1.25 gg ) from 5 animal cap equivalents (or
0.25 embryo equivalents) was annealed of to random hexamers (0.5 gM in final
reaction). First strand cDNA was synthesized with Superscript II Reverse
Transcriptase (Gibco BRL) according to the manufacturers instructions. The linear
range of amplification was determined for all primer pairs using cDNA from 0.25
animal caps or 0.0125 embryos (representing an equal amount of template for each
sample). Cycles of 1 min, 94°C; 1 min., 550 C ; 2 min. 720 C were used. The PCR
reaction mixture contained 1X Taq buffer (Promega), 1.5 mM MgC12, 0.2 mM of each
dNTP, 5 uCi [32p]-adCTP (800Ci/mmol), 2.5 U Taq polymerase and 0.4 uM of each
primer. Expression was analyzed by separation on a 5% acrylamide gel and
autoradiography.
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B3.Bi Gene-Specific Primers for RT-PCR analysis
All PCR reactions were with single sets of primers except for HoxAl and
HoxD1, and HoxB9 and RARa2, which were used in duplex PCR reactions.
Unpublished primer sequences are shown in Table 6. En2, krox20, muscle actin and
NCAM primers are as described in (Hemmati-Brivanlou and Melton, 1994). EFla,
XAG and XCG are as described in (Gammill and Sive, 1997). Otx2, HoxB9 and
brachyury primers were designed by J. Kuo.
Table B6: RT-PCR
Gene Primer
Primers
F/Ra Size SEQUENCE Reference
epidermal XK81.C F 308 TCATTCCGTTCCAGCTCTTCTTAC Jonas et al.,
keratin XK81.D R TCCAGGGCTCTTACTTTCTCCAG 1985
Otx2 Xotx2.C F 485 GCAACAGCAGCAGCAGAATG Pannese et
Xotx2.D R TGTAATCCAGGCAGTCAGTG al., 1995
HoxAl HLS96 F 106 CATATCAGCCAGAGGGAAG Sive and
HLS87 R CTGGAAATTGGACCTTGACC Cheng, 1991
HoxD1 PJK3 F 245 CAGCCCCGATTACGATTATTATGG Sive and
PJK4 R CCGGGGAGGCAGGTTTTG Cheng, 1991
RARa2.2 RARx.A F 396 GGGGGCCTTTAGGATGTATGAGAA Sharpe,
RARx.B R CGGTTGCGCGTGACTTTATTTATG 1992a
HoxB9 HLS51 F 201 GCCCCTGCGCAATCTGAAC Sharpe et al.,
HLS52 R CAGCAGCGGCTCAGACTTGAG 1987
HoxA7 HoxA7.C F 102 CGCCAGACTTACACCCGTTACCA Condie and
HoxA7.D R CAGGGCGTGTGCGATTTCTATTCT Harland, 1987
Xash3a XASH3A.1 F 227 AAGCGGCTCCTCGTCAAACACTAT Zimmerman
XASH3A.2 R CCCCCGCGCTCCTCTCC et al, 1993
brachyury Xbra.1 F 222 TTCTGAAGGTGAGCATGTCG Smith et al.,
Xbra.2 R GTTTGACTTTGCTAAAAGAGACAGG 1991
a. Forward or Reverse primer.
B3.C In situ hybridization
Whole mount in situ hybridization was performed on albino embryos
essentially as described in Harland (1991). Washes were carried out in 74 gm
Netwell baskets (Costar). Antibody (anti-DIG-AP) binding was carried out in MAB
(100 mM Maleic acid, 150 mM NaC1, pH 7.5) containing 2% Boehringer Mannheim
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Blocking Reagent and heat treated lamb serum. Alkaline phosphatase reaction was
performed with NBT and BCIP in AP buffer (Tris pH 9.5, 10% polyvinyl alcohol
(PVA; 98-99% hydrolyzed; Mw 31,000-50,000; Aldrich), MgC12, NaCl, Tween20),
producing a purple product. For double in situ hybridization, a second probe was
synthesized using fluorescein-UTP. The first color reaction, using BCIP alone in the
AP buffer (light blue product), was followed by AP inactivation (MAB, EDTA, 650 C,
20 min), dehydration in methanol and binding of the second antibody. The second
color reaction was with NBT and BCIP as described above. To better visualize
staining, embryos were dehydrated in 100% methanol for 5-10 minutes, then
cleared in benzyl benzoate/ benzyl alcohol (2:1).
B3Ci In vitro transcription for in situ hybridization probes
In situ hybridization probes were transcribed (as described above) in the
presence of digoxigenin-11-UTP (Harland, 1991) or, for double in situs, fluoroscein-
11-UTP (ref.). Templates for in vitro transcription are shown in Table B7.
Table B7: Templates for in situ hybridization probe synthesis
Gene Template Linearizationa Pol.b Reference
AP-2 Bam-XAP2 HindIIl T7 Winning et al., 1991
Xbra pXT1 EcoRV T7 Smith et al., 1991
XCG pXCG1 NotI T3 Sive et al., 1989
En2 pSP6-En2-3.0-AS XbaI SP6 Hemmati-Brivanlou, 1991
HoxAl pXhox.lab2.ATG HindlIl T7 Sive and Cheng, 1991
HoxD1 pXhox.labl.ATG HindlI T7 Sive and Cheng, 1991
HoxB9 pGIS SmaI T7 Sharpe et al., 1987
XK81 pGEM81B EcoRI SP6 Jonas et al., 1985
Krox20 pKrox-20 EcoRI T7 Bradley et al., 1993
muscle actin pBS-AC100 EcoRI T3 Gurdon et al., 1985
NCAM pSP71-NI BglI SP6 Kintner and Melton, 1987
otx2 pOtx-BS XhoI T3 Pannese et al., 1995
pagliaccio/sekl PAG NotI T3 Winning and Sargent,1994
xPbx pBS-xPBX Xbal T3 this work
xPBX11 Stul T7
RARa2.2 pBS-RARa2.2 BamHI T7 Sharpe, 1992
a. Restriction endonuclease used to linearize template.
b. RNA polymerase used for in vitro transcription.
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B3.D D-galactosidase staining
Embryos microinjected with 0-galactosidase mRNA were fixed in MEMPFA
(0.1M MOPS pH 7.4, 2 mM EGTA, 1 mM MgSO4, and 4% paraformaldehyde) for one
hour, then washed twice in PBS containing 1 mM MgC12 and twice in staining
buffer (SB; 10 mM K3Fe(CN)6, 10 mM K4Fe(CN)6, 1 mM MgC12, in PBS); 5 - 10
minutes each. Embryos were stained in SB containing 1.5 mg/ml freshly added 5-
bromo-4-chloro-3-indolyl-3-D-galactopyranoside (XGAL) for several hours at 300C
(or overnight at room temperature). After staining, embryos were washed twice in
PBS, fixed in MEMPFA for 30 minutes, and stored in 100% methanol or 100%
methanol at -200C until processed for in situ hybridization.
B3E Lineage labeling
5-10 nl lyseinated fluorescein-dextran (FLDX; 10,000 Mr; Molecular
Probes) at 1% in 10 mM Tris pH7.6, 0.1 mM EDTA was injected into 2 cell stage
embryos. The lineage label was detected following in situ hybridization by
anti-fluorescein antibody and developed in the presence of only BCIP, giving a
light blue stain.
B3.F Chloramphenicol Acetyl Transferase (CAT) assay
CAT activity was assayed essentially as described in Kuo et al, 1996.
Pools of 5 - 10 embryos injected with the appropriate mRNA (0.2-0.5 ng) and
reporter DNA construct (0.1 ng) were lysed in PBS+0.1% triton X-100 (10 Rl lysis
buffer/embryo). Extracts were heated for 10 minutes at 65 0 C, then
microcentrifuged at the maximum setting for 10 minutes. 25 Rl of this extract
(2.5 embryo equivalents) was combined with CAT assay solution (40 mM Tris
pH7.6, 1.6 mM chloramphenicol, 50 gM acetyl CoA) and 0.25 gCi 3 H-acetyl CoA
(0.5 ~1; 200 mCi/mmol; NEN) in a total of 100 yl. Reactions were incubated at
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